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Abstract 
While stochastic porous structures are still largely used in the design of metallic biomaterials, 
their optimization is limited by the poor control over the morphological characteristics of the 
pore network. Periodic cellular materials, commonly known as lattices, are able to fulfil their 
function in a more efficient way: they can provide superior strength for a reduced weight when 
compared to stochastic architectures. The recent advances in metal additive manufacturing 
(AM) technologies have enlarged the design possibilities for biomedical applications. As a 
result, research has focused on novel lattice geometries such as the triply periodic minimal 
surfaces (TPMS), which are deemed to have superior biological and mechanical performances 
over conventional strut-based unit-cells. 
Although promising outcomes have been reported with additively manufactured titanium 
TPMS, their manufacturing and mechanical properties have not been explored 
comprehensively. The complex physics behind the selective laser melting (SLM) process can 
lead to surface or internal defects as well as morphological discrepancies. It is thus essential to 
evaluate the processability and mechanical properties of such materials in the context of load-
bearing implant applications. In addition to the topological aspects, novel non-toxic alloys 
should also be explored as alternatives to the industry standard Ti-6Al-4V.  
In the present thesis, the limitations of stochastic porous titanium are introduced through a 
preliminary study. Samples with varying levels of porosity were produced using powder 
sintering with a novel space holder material. The mechanical properties of the materials were 
investigated thoroughly with both experimental and numerical methods. Although the space 
holder method is considered as a cost-efficient manufacturing process, the findings notably 
highlighted the need for a better control over the pore network, as reduced strength and lack of 
pore connectivity were reported.  
In order to address this lack of control, the processability and mechanical properties of TPMS 
are approached in different ways through this work using SLM. Firstly, Ti-6Al-4V lattices with 
varying levels of porosity were produced using a Schwartz primitive unit-cell. Their suitability 
for bone implants applications was assessed through microstructural and macrostructural 
observations, as well as compression mechanical testing. The elastic mechanical properties of 
the SLM-produced lattices were found to be suitable for hard tissue engineering and yield 
strengths were reported higher than stochastic titanium. The discrepancies in surface state and 
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morphological features observed between the CAD models and the reconstructed 
microcomputed tomography scans have led to further investigations in this regard.  
The surface irregularities brought about by the SLM process are known to be detrimental to 
the high cycle fatigue behaviour. Given the importance of fatigue life in the development of 
biomaterials, tension-tension high cycle fatigue tests were conducted on three TPMS 
geometries, namely the gyroid, diamond and Schwartz primitive. Based on the first results with 
the Schwartz primitive lattices, a high level of porosity of 70% was chosen for each of the 
sample. The fatigue life of the Ti-6Al-4V TPMS were found to be higher than conventional 
strut-based designs, although lower than bulk SLM-produced titanium. Compared to bulk 
material, lattices are known to be more sensitive to fatigue crack initiations due to their larger 
surface area. The fractography analysis confirmed that the fatigue crack initiation occurs at the 
surface of the struts, where micronotches are present. Based on the results presented in this 
study and the general consensus from the literature, additional work was carried out towards 
the surface improvement of SLM-produced TPMS lattices.  
Although deemed as crucial in the context of biomedical applications, the surface cleaning of 
TPMS lattices has not been addressed. Using hydrofluoric and nitric acids, an incremental 
polishing was conducted in this work. The evolution of the topology and of the surface states 
were reported with the increase in polishing time. The polishing was successful in removing 
the unmelted powder particles that adhere to the surface of the struts and in conserving the 
topology. This study also pointed out the importance of conducting topology-specific 
parametric studies for the polishing of titanium lattices, as the homogeneity of the polishing 
was found to be dependent to the base unit-cell of the lattices.  
In addition to the work conducted with the Ti-6Al-4V lattices, an alternative Ti-25Ta was also 
explored as a non-toxic metallic biomaterial. This work represents the first attempt at selective 
laser melting lattices with a titanium-tantalum powder blend. Using identical CAD models has 
allowed for direct comparison between the two alloys. The titanium-tantalum alloy presented 
higher elastic admissible strains than the industry standard Ti-6Al-4V and an increased 
ductility brought by the tantalum. Although the quasi-static mechanical properties were found 
promising for a use in biomedical applications, the unmelted tantalum particles observed with 
the Ti-Ta matrix have raised concerns regarding their fatigue life and further investigation 
should be conducted in this direction.  
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Glossary 
AM: Additive manufacturing 
BCC: body-centered cubic 
BCC-Z: Body-centered cubic with a vertical strut for reinforcement in axial (z) direction 
Biomedical scaffold: Typically, a porous structure that provides anchorage to the bone during 
the healing process.  
Biomimetic design: Nature-inspired design approach (Eg. wood, animal features, human 
bones, etc…) 
Building direction: The direction in which the layers in AM techniques are being 
consecutively built. Usually agreed as the z+ direction.  
CAD: Computer-aided design 
CpTi: Commercially pure titanium 
CPU: Central processing unit 
EBM: Electron beam melting 
FEA: Finite Element Analysis 
FEM: Finite Element Method 
Generalized plane-strain: deformation in the longitudinal direction is constant 
In vitro: performed outside a living organism 
In vivo: performed in a living organism 
LENS: Laser engineered net shaping 
MF: Mean-field (in the context of analytical approximations) 
PBC: Periodic boundary conditions 
Physiological loads: Various loads acting on bones or joints within the body 
Plane strain: strain in the longitudinal direction is zero 
Plane stress: stress in the longitudinal direction is zero 
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RP: rapid prototyping 
RVE: representative volume element 
SEM: Scanning electron microscopy 
SLM: Selective laser melting 
Space holder method: Part of the powder metallurgy group, this method of fabrication uses a 
mixture of two powders to create porous architectures.   
Stochastic structures: Structures with a randomly distributed pore distribution. Can be 
typically compared to a sponge or foam.  
Stress-shielding: Redistribution of the loads surrounding an implant leading to bone 
resorption.  
strut-based unit-cell: unit-cell composed only of straight struts. Often considered as 
"conventional lattice designs" 
TPMS: triply periodic minimal surfaces 
TPMS network solid: The minimal surface equation represents the delimitation between solid 
domain and void domain 
TPMS sheet solid: The minimal surface equation represents the centreline of a thin sheet (with 
a constant thickness). In this case two distinct void domains are present. 
unit-cell: the smallest repeating volume in periodic regular cellular materials (or lattices) 
µCT: micro-computed tomography 
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Chapter I. Introduction  
This first chapter introduces the topic of metallic materials in biomedical applications. A 
particular focus is given to titanium alloys for hard tissue engineering and how additive 
manufacturing (AM) can be utilised in the fabrication and design of metallic biomaterials. 
Further discussion on the topics introduced here will be provided in the literature review 
(Chapter II). A detailed research plan is presented in this section that shows how the eight 
chapters form the entire thesis. The core chapters of the presented thesis are based on journal 
publications and a short introduction at the start of each chapter is provided to place it within 
context.  
1. Titanium alloys in biomedical applications 
Metallic materials have always been utilized in the biomedical industry. Where ceramics and 
polymers can sometimes fall short, metals can provide the required properties to replace or 
repair certain functions in the body. Although for small bone loss or minor injuries, biomedical 
metallic implants can represent a temporary solution that helps heal the damaged tissues, 
permanent devices may be required for larger bone defects or orthopaedic procedures [1]. For 
permanent load-bearing applications specifically, the mechanical strength and durability of 
metals is what makes them so appealing [2]. Industry standard biomedical metals include 
stainless steel, titanium alloys and cobalt-chromium alloys. In addition to their strength and 
durability, these metals also present high corrosion resistance, which is an essential 
requirement for permanent devices [3]. In fact, the long-term biocompatibility of metallic 
alloys strongly depends on their corrosion behaviour, as most alloying elements can cause 
adverse effects when ions are released in the body due to corrosion [4].   
Titanium alloys and in particular the Ti-6Al-4V alloy are widely used as biomaterials. They 
are considered to have the most suitable set of properties for hard tissue engineering compared 
to other metals [5], with high mechanical strength, durability, biocompatibility and corrosion 
resistance [2]. While accepted for decades as the industry standard among the biomedical 
titanium alloys, Ti-6Al-4V contains cytotoxic elements. Both aluminium (Al) and vanadium 
(V) were found to be toxic to some extent [4]. While the toxicity of aluminium is not 
unanimous, extensive studies on the use of Vanadium have confirmed adverse reactions once 
released in the body [6]. Research has been focused on alternative materials to these toxic 
elements and numerous new alloys have emerged in this regard [2]. Although Tantalum (Ta) 
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has proven to be a suitable candidate for implant applications, this rare metal has received close 
to no attention in the additive manufacturing of metallic lattices. Its main use so far has been 
in the surface coating of Ti implants to provide enhanced biocompatibility and corrosion 
resistance.  
Another issue with the use of Ti-6Al-4V is that titanium remains too stiff to be used in its bulk 
form, as a bone substitute. A well-known complication called the stress-shielding effect occurs 
due to a mismatch between the mechanical stiffness of the bone and the implant [7]. As bones 
are known to be an evolving load-driven structure [8], placing a material that is too stiff within 
a bone causes a redistribution of the stresses around the implant, leading to bone resorption. 
Ultimately, this stress-shielding effect leads to implant loosening and requires invasive and 
costly revision surgery [9].  
To address the stress-shielding effect, research efforts have focused on two different areas in 
order to reduce the Young’s modulus of titanium alloys. Low modulus β-type alloys have 
received some attention: β stabilising elements such as Niobium (Nb), Tantalum (Ta), 
Molybdenum (Mo), and Zirconium (Zr) have been successfully used to reduce the stiffness of 
titanium alloys [10-12]. Some studies have reported Young’s modulus as low as 30 GPa [13], 
which falls at the higher end of the range for bone (ie. 1 – 30 GPa [14]). The main challenge in 
this research area is to maintain sufficient strength, as generally, low modulus β-type titanium 
alloys present reduced strength compared to α + β alloys (eg. Ti-6Al-4V) [12].  
The second research area aim to reduce the high stiffness of titanium alloys through 
incorporation of a porous network, or lattices, within the material. Not only does this address 
the stress-shielding effect by reducing the Young’s modulus, but this also provides an adequate 
environment for the cells to anchor, which improves the implant’s attachment. For many years, 
stochastic porous foams (ie. Random distribution of pores) have been used in the form of 
coatings (eg. Cementless implants) or as whole components for scaffolds application. This 
method has been proven successful compared to using dense components, however, the poor 
control over the pore distribution, size and shape is detrimental for optimal mechanical 
properties [15].  
The demand for durable metallic implants is continuously increasing, notably due to the 
increase in life expectancy and obesity rate [16, 17]. Development of new metallic biomaterials 
has been made possible with the recent advances in additive manufacturing technologies. 
Although industry standard metallic biomaterials have been used for decades, the issues raised 
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above contribute to the failure and complications associated with metallic biomaterials and 
mechanical improvements should be investigated to provide more durable materials.  
2. Additive manufacturing of metallic biomaterials 
In the last decade, additive manufacturing (AM), commonly known as 3D-printing, has rapidly 
evolved from a rapid-prototyping (RP) solution to a more conventional fabrication technique 
with the ability to produce functional and structural parts [18]. Numerous materials including 
polymers, ceramics and metals can now be fabricated with a wide range of additive 
manufacturing techniques. The recent advances in metal AM have been considered a great 
success and have led to an increase of interest towards the development of a new generation of 
metallic biomaterials [19]. Producing on-demand patient-specific devices with a quick 
turnaround time is a great advantage of AM, which is something that is not feasible with 
conventional manufacturing techniques that require the fabrication of moulds or jigs. Another 
key advantage of AM is the possibility to introduce periodic regular pore networks, or lattices, 
which are beneficial for alleviating the stress-shielding effect. In addition, lattice structures can 
act as a scaffold and provide an anchor to the surrounding bone for improved cell attachment 
via complete cell-ingrowth (ie. Osseointegration).  
Among periodic regular lattices, the TPMS approach has recently gained great interest due to 
the unique set of properties that can be produced. Their high surface area is considered 
beneficial for cell attachment whilst their discontinuity-free surfaces can provide a high 
strength to weight ratio compared to conventional designs. Although they are presenting 
promising properties for hard tissue engineering applications, the lack of information regarding 
their manufacturability, mechanical strength and fatigue life should be explored in more detail.   
Even though additively manufactured regular lattices have emerged in the research field, 
commercialised products are rare. One of the reasons behind this could be the substantial 
timeframes in biomedical research involving ethical approvals, biological studies and clinical 
tests. However, some of the mechanical challenges are also not fully addressed, or not 
addressed at all. This may be due to the demanding requirements for biomedical metallic 
lattices which include the manufacturing of small size pores that requires high accuracy and 
control over the machine’s parameters. Complex geometries can introduce further challenges 
in the manufacture of the interconnected networks leading to defects within the material. It is 
important to understand how these could affect the mechanical properties in both the short term 
and the long term.  
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3. Objectives and significance  
Although there is an increasing demand for biomedical devices, there is still no ideal material 
to repair or replace hard tissue. Additive manufacturing techniques have been shown to be 
interesting options in the development of new biomaterials. Their design flexibility has 
permitted novel approaches in the manufacturing of metallic biomaterials. While numerous 
promising outcomes have been reported so far with such materials, understanding the 
manufacturing and the mechanical properties of metallic lattices with AM is crucial to improve 
their durability.  
This research aims at investigating new design options, namely the TPMS geometries, in the 
manufacturing of metallic biomaterials. Through both non-destructive and destructive 
characterisation, manufacturability as well as mechanical properties are being explored 
thoroughly. A method for the surface modification of TPMS lattices is introduced to address 
the surface irregularities brought about by the SLM process. Understanding the limitations of 
current materials (ie. Typically, stochastic sintered foams) and how they can be improved is 
also of high importance. In this regard, the third chapter of this thesis provides some insights 
into the mechanical behaviour of a conventionally manufactured stochastic titanium foam. 
Additionally, this thesis explores an alternative Ti-Ta alloy (powder blend) for the 
manufacturing of fully biocompatible metallic lattices with SLM. The lattices produced with 
the titanium-tantalum alloy are being directly compared to the industry standard Ti-6Al-4V in 
the context of load-bearing implant applications.  
In a context where commercialized additively manufactured implants are rare, this research 
will provide useful information in the manufacturing, mechanical properties and surface 
modification of titanium TPMS lattices, which fits within the development of a new generation 
of metallic biomaterials.  
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4. Research plan and thesis structure 
The illustration in Figure 1-1 presents the descriptive plan that supported this research. Elliptic 
shapes are areas and topics of interests and rectangular shapes refer to the chapters of the 
present thesis.  
 
Figure 1-1. Descriptive diagram of the research plan. 
The present Chapter (Chapter I) of the thesis introduces the main concepts and presents the 
rationale and objectives behind this research. A detailed research plan is also provided, which 
presents the relationship between the different areas of interests. In Chapter II, a detailed review 
of the relevant literature is presented. From the role of interconnected porous networks in 
biomaterials to the design of triply periodic minimal surfaces, pertinent topics are covered in 
more detailed within this chapter. The following chapters noted below constitute the core of 
the research work.  
In Chapter III, a preliminary study on finite element analysis of a porous stochastic titanium 
foam is presented. Both experimental and numerical investigations are used in order to predict 
and understand the mechanical behaviour of sintered commercially pure titanium material. 
Limitations such as poor mechanical strength and lack of control on pore distribution, shape 
and size, provide a counterbalance to the low costs involved with this manufacturing process. 
This research highlighted the need for better manufacturing and design control regarding the 
interconnected porous network.  
Chapter IV addresses the problem of aforementioned lack of geometry control and presents an 
experimental investigation on the mechanical properties of a novel lattice design based on a 
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TPMS produced using selective laser melting. The geometry proved to be repeatable and 
consistent in terms of manufacturability. In addition, it shows superior mechanical properties 
than conventional stochastic foams. Although there were concerns regarding the surface state 
of the lattice, in particular the downward facing surfaces that present overhang material, their 
quasi-static mechanical behaviour was found not to be affected by this. In Chapter VI, the 
influence of this surface roughness on fatigue life is discussed more in details.  
Chapter V investigates the manufacturability, microstructure and quasi-static mechanical 
properties of a novel titanium-tantalum alloy using identical CAD models to those used with 
the Ti-6Al-4V material in the previous chapter. The use of similar lattices designs permitted a 
direct comparison between these two materials. Promising findings are presented as this new 
Ti-25Ta material exhibits similar, if not higher quasi-static mechanical performances than the 
industry standard Ti-6Al-4V alloy.  
The quasi-static tensile behaviour as well as tension-tension fatigue life of three types of TPMS 
lattices are investigated in Chapter VI. The positive outcome with quasi-static compressive 
behaviour presented in Chapter IV led to further investigation of the fatigue life of these 
structures. The findings of this research made prominent the importance of surface polishing 
when designing for fatigue life, which is an important aspect to take into consideration in 
biomedical applications, where components are subjected to repetitive loadings through their 
lifetime.  
To address the high surface roughness typically found in SLM-produced lattices, Chapter VII 
presents a chemical etching method with hydrofluoric acid (HF) and nitric acid (HNO3). An 
in-depth investigation on the evolution of the morphological aspects of the unit-cell is 
conducted. Particular attention is given to the resulting states of the surfaces with polishing 
increments depending on their orientation to the building direction. This work along with 
Chapter VI are set in a larger project regarding the influence of chemical polishing on the 
fatigue life of TPMS lattices.  
Lastly, Chapter VIII summarizes some of the key findings of this research and presents how 
these findings influence future work in this area. 
2  
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Chapter 2. Literature Review  
The following section reviews the relevant literature to the project. It provides an overview on 
the field of porous and lattices materials as well as the state of the current research in additive 
manufacturing of metallic lattices. The Figure 2-1 presents the key topics covered in the review:  
 
Figure 2-1. Literature review outline. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Additive manufacturing and mechanical properties of 
titanium lattices for biomedical applications
1. Metallic 
biomaterials
2. Porous 
materials and 
lattice structures
3. Manufacturing 
of titanium 
lattices
4. Mechanical 
properties of 
TPMS
5. Predicting the 
mechanical 
behaviour of 
porous materials
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1. Metallic biomaterials 
In the development of load-bearing biomaterials, metals have shown to have properties that 
match those of hard tissues in a more suitable way than ceramics or polymers [16]. In addition 
to the biological requirements, a biomaterial should present appropriate mechanical properties. 
Regardless of their high corrosion resistance, ceramics are often too brittle to be used in load-
bearing conditions [20, 21] and typical polymers cannot withstand the physiological loadings. 
Although metals are exploited for their structural functions, they can release toxic ions when 
corroding when in contact with body fluids [22]. For instance, some elements present in 
conventional biomedical alloys such as Vanadium (V), Nickel (Ni), Cobalt (Co) or Aluminium 
(Al) have been shown to be toxic when interacting in the body [23]. Stainless steel, cobalt-
chromium alloys and titanium alloys are currently the three most used metals in the biomedical 
industry. 
Table 2-1. Major requirements for load-bearing metallic biomaterials [16]. Further details in original 
publication.  
Biomechanical requirements Biological requirements 
Stiffness Biocompatibility 
Strength Surface State 
Fracture toughness Osseointegration 
Wear resistance  
Fatigue strength  
Corrosion resistance  
 
Among metallic alloys, Ti has been widely used in biomedical application because of its high 
biocompatibility, corrosion resistance and mechanical properties [24]. Compared to Co-Cr 
alloys and Stainless steel, the Young’s moduli of Ti alloys are about half lower [12], which is 
beneficial for bone replacement applications. Additionally, Ti alloys form a stable oxide layer 
on their surface, making them superior in terms of corrosion resistance [2]. However, when 
using fully dense titanium implants, stress shielding can occur causing a reduction in external 
or internal bone density leading to bone resorption. This phenomenon, called the stress-
shielding effect, is due to the higher elastic modulus of Ti compared to human bone that causes 
a change in stress distribution in the area surrounding the implant [25]. To address the stress-
shielding effect, two areas of research have been investigated:  
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- Using β stabiliser alloying elements to reduce the Young’s modulus [26, 27]. 
- Using a porous structure (or lattices) to reduce the Young’s modulus. The porosities are 
also useful to obtain long-term biological fixation through complete bone ingrowth. 
The second approach will be discussed in section 2 of this review.  
Conventional (α + β) alloys, such as the well-known Ti-6Al-4V are widely used in biomedical 
applications. However, their high stiffness compare to human bone (Figure 2-2) can cause 
serious issues in terms of implant stability [28]. In this particular alloy, the high toxicity of the 
Vanadium or Aluminium can lead to adverse effects or diseases when released in the body [4]. 
β stabiliser elements such as Niobium (Nb), Tantalum (Ta) or Zirconium (Zr) are suitable 
substitutes for Vanadium (V) and Aluminium (Al) due to their high biocompatibility notably 
and their ability to reduce the high stiffness of the alloy [26]. Using β-type Ti alloys, it is 
possible to lower the Young’s Modulus down to 35 GPa for fully dense material [13, 29]. While 
this value is close to the upper bound of elastic modulus of bones (1 – 30 GPa), it is also more 
than three times lower than most conventional alloys such as Ti-6Al-4V. In order to reach lower 
values, it is crucial to also address the high stiffness with other means.  
 
Figure 2-2. Young's modulus of common titanium alloys used in biomedical applications [16]. 
As previously mentioned, Tantalum (Ta) is a promising alloying addition to pure titanium for 
biomedical applications. Its excellent biocompatibility has made it a viable candidate for 
biomedical purposes [30]. However, its high cost and difficulty to be machined have limited 
its applications to surface coatings [31]. Mixing Ta powder with Ti is an efficient way of 
reducing the cost of the material – compared to using pure Ta – and improving the flowability 
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of the powder mixture, when typical irregular tantalum powders are used [32, 33]. In addition, 
tantalum can act as a β stabiliser for titanium, which is beneficial for biomedical purposes (ie. 
low modulus and high strength). Compared to commercially pure titanium (cp-Ti), titanium-
tantalum (Ti–Ta) alloys have a lower elastic modulus, higher relative strength (for similar 
stiffness), enhanced corrosion resistance and excellent biocompatibility, according to [34].  
Limited literature is available on Ti–Ta alloys manufactured with SLM. Sing et al. [32, 33, 35] 
have reported the effect of SLM parameters on part quality and mechanical properties for a 
dense Ti–50Ta alloy (50 wt% of each element). Despite difficulties in fully melting the 
tantalum particles, they reported high densification and good mechanical properties compared 
to cp-Ti and Ti–6Al–4V parts, with dimensional accuracy and mechanical properties affected 
by printing parameter control (eg. laser power and scanning speed). 
Selective laser melting of pure tantalum has also been investigated and highly porous tantalum 
implants have been produced [36]. Both mechanical properties and the in vivo response in a rat 
femur model were investigated, confirming the excellent mechanical response and 
biocompatibility of tantalum. However, using pure tantalum is considered as an expensive 
option, especially when applied to human-size implants. 
 
2. Porous materials and lattice structures 
Porous materials are appealing for providing unique sets of mechanical and physical properties. 
Their low weight combined with a relatively high stiffness or low thermal conductivity coupled 
to a high energy absorption are common examples [16]. The applications of these materials can 
be divided in two categories: structural or functional. Structural applications can include bio-
medical implants, load-bearing parts or energy absorbers. Whereas functional parts can refer 
to acoustic treatments, filters or heat diffusers. Banhart et al. [37] summarized these different 
applications in a graph presented in Figure 2-3 that sorts them according to their level of 
“openness in porosity”.  
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Figure 2-3. Range of applications for porous materials [37]. 
Prior to their consideration as fabricated materials, porous structures were found in natural 
materials such as cancellous bones or wood. These natural porous materials have led 
researchers to develop methods that mimic the porous architectures observed that have proven 
to provide unique physical and mechanical properties [37]. The first instances of man-made 
porous metals date back to almost a century ago, even though their commercialisation only 
began in the 1990s [38]. The manufacturing process consisted of the injection of a gas into a 
molten metal, a technique still used in the industry to date [37]. The emergence of new 
manufacturing techniques has offered better control and flexibility in the manufacturing 
process. This has pushed the research toward topological optimization strategies aiming to 
determine the best geometry for a specific set of requirements [39]. As such, the design 
approach has shifted more toward a design for functionality (DFF) rather than the conventional 
design for manufacturability (DFM) [40]. This shift has led to an intensive focus on periodic 
cellular structures, which have proved to offer better performances than stochastic foams [41]. 
For more understanding on stochastics cellular metals, Banhart et al. [37] published a very 
complete article on this topic, covering the manufacturing, characterisation and application of 
such materials.  
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2.1. Classification of porous materials 
The term “porous” characterizes a material containing voids, also called pores. It is important 
to differentiate the designed pores, usually in the range of 100 - 700 µm for biomedical 
applications, to the micro porosity due to various manufacturing defects. In the literature, the 
same term “pore” can be found for both manifestations. Therefore, it is important to consider 
the context and understand which one is being used. In this present thesis, the term “pore” is 
used for the designed macro pores, unless stated otherwise.  
While they are clearly different types of porous materials, the distinctions are not always 
evident as there is no accurate rule to define those:  
• Porous solids can be described as a dense structure with occasional pores; in the 
literature, these are usually showing a relative density, i.e. 𝑉𝑜𝑙𝑢𝑚𝑒 of 𝑆𝑜𝑙𝑖𝑑 / 𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 above 0.8 [42].  
• Cellular materials, foams or lattices can be considered as an interconnected network of 
either struts (open-cells) or surfaces (closed cells). Their relative density is generally 
lower than 0.3 according to literature [43].  
In the context of this research, the term “porous materials” includes periodic lattice structures, 
stochastic foams, cellular structures or porous solids. Another more evident delimitation can 
be found between stochastic materials and periodic materials. Stochastic materials present a 
random distribution of pores whereas periodic materials are made of repeated unit-cells. These 
two structures will be described in more detail in the section 2.4 and 2.5 of this literature review. 
 
2.2. Bones and their mechanical properties 
According to Wolff’s law [44], bones are evolving load-driven structures that can adapt to 
physiological loads [8]. Although this remodelling is essential for the human body, it is also a 
challenge for the development of biomedical implants. Matching an implant’s mechanical 
properties to the host tissue is essential to avoid redistribution of the loads in the area. This 
effect can cause bone resorption and implant loosening in the long-term (ie. stress-shield effect) 
[16]. Due to the unique set of properties bones can provide, biomimetic designs that copy the 
bone’s internal structure have also received great attention in the field of metallic biomaterials. 
The manufacturing of metallic biomaterials should be considered as a dual system, with two 
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materials interfacing with each other. Given the importance occupied by the host tissue in the 
development of biomaterials, the following provides an overview of the morphological and 
mechanical properties of bones.  
On the macroscopic scale, bones show two types of tissues: the cancellous bone and the cortical 
bone. Cancellous bone is a highly porous material (between 50%-90% porous) with 
interconnected macro pores in the range of 100 µm to 500 µm [45]. This type of structure is 
mainly present inside long bones and irregular bones in which it forms struts called trabeculae. 
These struts are oriented in a certain way that is appropriate to the physiological loading of the 
bone; i.e. the structure of the bone depends on the mechanical loadings to this particular bone 
[46]. Overall, cancellous bone can be considered as a physiological spring-damper systems to 
store and absorb mechanical energy with the trabeculae acting as spring elements in the system 
[47]. Cortical bone is the dense and compact part of the bone with very low porosity comprised 
between 3% to 12%. It surrounds the central marrow cavity and represents approximately 80% 
of the total bone mass in the human body.  
An important notion to consider in the design of metallic biomaterials is osseointegration. 
Osseointegration represents the ability for the bone to grow and anchor within the porous 
network of an implant [48]. This normally only happens when the gaps (or pores) surrounding 
the bone tissue are smaller than 500 µm. For larger gaps, there is a lack of bone ingrowth, 
which results in the appearance of fibrous connective tissue with weaker attachment [49]. In 
fact, bone itself shows similar behaviour when healing: generally, bone tissue cannot fill gaps 
larger than 500 µm. While some studies state that implants with hydroxyapatite coatings could 
enhance the bone formation for gaps larger than 500 µm [50, 51], the agreed recommended 
pore size range that a porous implant should have is found to be between 100 µm – 500 µm.  
Evaluating the mechanical properties of bone has been an important concern in the last decades. 
Stress-strain curves of human bones show a linear elastic region followed by a plastic 
behaviour [47]. The elastic modulus of human cortical bone has been estimated by a wide range 
of methods and give Young’s moduli between 1 GPa and 30 GPa [52-55] while the 
compressive strength (in the axial direction) is shown to be around 180 MPa [56]. Cancellous 
bone exhibits an elastic modulus comprised between 0.1 GPa and 5 GPa with a compressive 
strength ranging from 2 to 12 MPa. [47] These figures not only depend on the type of bone but  
also vary according to age and the individuals themselves. It has been found that the 
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morphological and mechanical properties of human bones can significantly change with aging 
[57].  
Figure 2-4 illustrates the difference in trabeculae density between a 37 year old male and a 84 
year old male. This change in density is the origin of a decrease in overall stiffness of the bone. 
In the scaffold design process, this becomes a major concern when it comes to providing an 
appropriate scaffold with a specific stiffness. The possibility to manufacture patient-specific 
devices with tailored mechanical properties is thus essential in the development of a new 
generation of bone substitutes.  
 
Figure 2-4. µCT reconstructions of cancellous bone - a) 51 year old male b) 84 year old male [58]. 
 
2.3. Porous metals in hard tissue engineering 
While numerous studies have focused on reducing the elastic modulus of biomedical implants 
with low modulus β-type titanium alloys [29], using β-type alloying elements for Ti-based 
alloys is not sufficient to match the desired bone stiffness. Regardless, using dense metals do 
not promote bone ingrowth within the implant and the lack of osseointegration can become a 
concern for long-term stability [59]. As previously mentioned, porous structures can represent 
another solution to the stress-shielding effect for biomedical implants. As illustrated on the 
graph from Figure 2-5, the porosity can significantly lower the Young’s modulus of metallic 
materials while still providing a relatively high strength. In addition, porous structures are also 
necessary, among other reasons, in the cell-ingrowth and nutrients transportation when 
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implanted in the host tissue [60]. While the bio-integration of implants has been an important 
issue in recent researches, several factors influence both this integration and the mechanical 
properties. Topological and in-vivo studies proved that the architecture of the material 
including pore size, shape and orientation all have a significant impact on the cells’ 
regeneration and mechanical behaviour [61, 62]. As previously mentioned, it is agreed that 
optimal porous implants should have fully interconnected pores with a size range of 100 µm - 
500 µm [63-65]. However, specific implant coatings may be able to enhance cell formation 
and extend this range to larger pore size [66]. Depending on the material, the optimal porosity 
level can vary; for a Ti-6Al-4V alloy, a level of porosity ranging between 30-80% generally 
results in Young’s moduli between 0.5-20 GPa, very similar to those of bones [67].  
 
Figure 2-5. Typical evolution of the Young's Modulus against the Porosity (for a Ti-alloy with E = 93 
GPa), from Ramakrishnan and Arunachalam approximation [68], assuming inclusions are spherical. 
With the development of new manufacturing techniques such as additive manufacturing, it is 
now possible to obtain greater control on the porous network and thus, design optimized 
metallic lattices [69]. Better control on the produced material has shown some advantages over 
stochastic structures generated by conventional powder metallurgy methods: non-
homogeneous pore distribution have demonstrated a lower strength and early failure [41]. 
Complex geometries such as gyroid or diamond lattice structures based on minimal surfaces 
have shown to provide an appropriate environment for use in human cancellous bone implants. 
With these types of geometries it is possible to reach Young’s moduli values lower than 1 GPa 
[70], which seems out of reach with conventional techniques without compromising strength.  
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2.4. Lattices (periodic cellular materials) 
Periodic cellular materials, or lattices, are characterized by their regular and controlled 
architecture. Compared to stochastic structures, the advantage of using lattices is that their 
structure can be engineered depending on the applications. Typically, they have shown a great 
potential where both strength and minimal weight are required. They usually also exhibit better 
mechanical performances than stochastic materials [41]. 
Honeycomb is an example of periodic material. In this case, the unit cell is repeating only in 
two dimensions. These structures are well known to provide anisotropic mechanical properties 
and can be coupled with other layers of material, to form for example sandwich structures, to 
withstand specific types of loading. In three dimensions, strut-based lattices such as body-
centred cubic (BCC) or face-centred cubic (FCC) unit-cells have often been considered as 
building blocks in the development of periodic cellular materials [71, 72]. Examples of 
honeycomb structure and 3D lattices are presented in Figure 2-6. Depending on their 
application, these unit-cells can be adapted to match specific requirements. Commonly, the 
BCCz consists of a BCC unit-cells in which a vertical strut has been added (in the z direction) 
in order to provide additional strength in this direction, making the material strongly 
anisotropic [73]. Generally, strut-based lattices are preferred due to their simplicity in design 
[74] but they are also used as references for topological optimization studies [75, 76]. TPMS 
structures have recently gained great attention [77-79]. These structures exhibit relatively 
complex geometries compared to conventional strut-based unit-cells but the recent advances in 
additive manufacturing technologies have enabled their fabrication. 
 
Figure 2-6. Examples of periodic cellular materials (a) Honeycombs (b) 3D lattices [80]. 
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2.5. Triply periodic minimal surfaces (TPMS) 
The TPMS are a set of mathematical equations. They are characterised by smooth infinite 
surfaces in the three dimensions of space (Figure 2-7). One of their particular features is that 
they have a mean curvature of zero at any point in space and present no discontinuity or 
intersection. Compared to conventional lattice designs, this theoretically increases their 
strength due to the lack of stress-concentrators. Another key advantage of TPMS is their high 
surface to volume ratio, which has been shown to play an important role in the cell proliferation 
within a biomedical scaffold [81]. Their popularity as metallic lattices increased dramatically 
in the last 5 years, as advances in AM technologies have enabled the fabrication of such 
complex shapes, with the ability to manufacture structure with small pore sizes (100 µm – 500 
µm).  
 
Figure 2-7. A few examples of well-known TPMS unit-cells [82]. 
TPMS are often categorised in two types: sheet solids and network solids. Sheet solids consist 
of two distinct void domains, separated by a constant sheet thickness. Network solids are 
composed of a single void domain delimited by the TPMS surface function [83]. The difference 
between these two TPMS lattices is illustrated in Figure 2-8 for a gyroid function, where the 
two domains can be seen on the right image (from the two distinct colours) as well as the single 
domain on the left image. Although both are considered as beneficial structures for tissue 
engineering, opinions diverge regarding which type is superior. In many aspects, sheet solids 
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are superior than network solids, as they present superior mechanical properties and higher 
surface area [84]. However, the lack of interconnectivity between the two distinct void domains 
and the higher stiffness of sheet solids are seen as detrimental for hard tissue engineering. In a 
recent review, Yuan et al [83] have concluded that network solids are more reliable and 
practical to be used in implant applications. Numerous other studies [85-87] have stressed the 
importance of a fully interconnected open-pore architecture for enhanced bone ingrowth.   
 
Figure 2-8. Comparison between network solid (left) and sheet solid (right) with a gyroid TPMS [84]. 
In terms of design, TPMS also present advantages over conventional strut-based lattices. It is 
possible to precisely and easily control morphological aspects of the pores and create smooth 
functional gradients (gradient in density or gradient in shape) [81, 88]. TPMS are characterized 
by 3D trigonometric functions and usually require equation-based modelers to be created. It is 
also possible to generate TPMS within standard CAD packages, but additional CPU resources 
as well as lack of direct controls over morphological aspects make this method less appealing. 
A few common functions of TPMS are presented in Table 2-2 [79]. In order to create solid 
lattices from these functions, a thickness has to be added to the surface in the case of sheet 
solids. For network solids, the minimal surface function represents the delimitation between 
the material phase and the void domain. In the following section, the second option (ie. network 
solids) will be discussed in more detail, as this represents the approach used in the present 
thesis. 
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Table 2-2. Various trigonometric functions of TPMS [88]. 
TPMS Type Function 
Schwartz primitive 𝐹(𝑥, 𝑦, 𝑧) = cos(𝑥) + cos(𝑦) + 𝑐𝑜𝑧(𝑧) 
Diamond 𝐹(𝑥, 𝑦, 𝑧) = cos(𝑥) cos(𝑦) cos(𝑧)− sin(𝑥) sin(𝑦) sin	(𝑧) 
Gyroid 𝐹(𝑥, 𝑦, 𝑧) = sin(𝑥) cos(𝑦) 		+ sin(𝑧) cos(𝑥)+ sin(𝑦) cos	(𝑧) 
 
In practise, the design of the TPMS unit-cells is quite simple. The relative density of a TPMS 
lattice structure is controlled by a simple offset t that can be added or subtracted to the main 
function. With t = 0, the lattices will have a relative density of 50%. The relationship between 
this variable t and the resulting relative density can be plotted for each type of unit-cell, as 
presented in Figure 2-9. Similar relationships exist between this variable t and the strut size or 
pore size of the lattices. In tissue engineering applications, controlling the pore size of these 
geometries is of great value. The remaining morphological attributes can then be adjusted. The 
domain on which the lattices are defined can be controlled independently with a conditional 
“if” operator. Simple shapes such as cubic, cuboid, cylindrical, spherical, spheroidal can be 
defined easily. For more complex topologies, such as real implants, Boolean operations 
(typically intersections) can be used with a predefined shape. As mentioned before, equation-
based lattices can also accommodate gradients in relative density. A simple example is to add 
a linear gradient along one axis. With such design flexibility, endless possibilities can be 
explored. Due to their increasing popularity and promising biological performances, TPMS 
have been subjected to numerous mechanical studies [69, 89]. In section 4 of this review, the 
mechanical behaviour of these structures is discussed further.  
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Figure 2-9. Relationship between the TPMS variable t and the resulting relative density [88]. 
 
3. Manufacturing of titanium lattices 
3.1. Conventional manufacturing of stochastic porous titanium 
Porous materials can be manufactured with a wide range of techniques including sintering [90], 
gas foaming [91] or casting [92]. However, these techniques are not all suitable for titanium. 
For instance, well-known liquid states techniques are not appropriate for manufacturing 
titanium because of its high melting point and chemical reactions with some gases [93]. The 
space holder method, presented in Figure 2-10, consists notably of compacting and sintering a 
mixture of two powders and is one of the most common manufacturing techniques for porous 
titanium. The low processing cost has made this method very appealing. The level of porosity, 
pore size and pore shape can all be controlled to a certain extent during this manufacturing 
process [94]. As the shape and size of the pores are of significant importance for mechanical 
properties and cell-ingrowth, the space holder material must be chosen carefully regarding the 
desired outcome. However, the limited control on the architecture that this method offers 
restrain any flexibility in mechanical design optimization [95]. Moreover, contamination of the 
titanium from the space holder material or remaining loose powder trapped into the pores can 
harm the material integrity or tissue biocompatibility [96, 97]. Although alternative non-toxic 
space holder materials are seeing continuous interest in the field of biomedical scaffolds, the 
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high interest received by AM techniques in the last decades have shifted research efforts toward 
additively manufactured engineered lattices.  
 
Figure 2-10. Schematic describing the space holder sintering method.  
 
3.2. Additive manufacturing (AM) and selective laser melting (SLM) 
Additive manufacturing (AM) has received great attention in the development of new 
biomedical lattices. Most of the AM techniques use powders as a feedstock and a wide variety 
of metals are suitable [98, 99]. The principal advantages of AM are the topological flexibility, 
the ability to produce on-demand patient specific options and the flexibility on feedstock [100, 
101]. Some of the main additive manufacturing techniques used in biomedical applications are 
SLM, Laser Engineered Net Shaping (LENS) and Electron Beam Melting (EBM). LENS can 
only fabricate stochastic porous structures (ie. No control on porous size, shape and 
distribution) due to its limited geometrical accuracy [102]. Compared to the two others, SLM 
stands out for hard tissue applications due to its superior dimensional accuracy and ability to 
produce small features, with finer surface roughness.  
Selective laser melting is a laser powder-bed fusion process that uses the energy of a laser to 
melt and fuse metallic powder particles. As part of the additive manufacturing (AM) 
techniques, the process uses a layer-by-layer approach to build a solid part from a CAD model. 
The scanning of the laser is determined by a slicer software prior to the print and input into the 
SLM machine. Once a first layer has been scanned and melted by the laser, the platform moves 
down incrementally, and the next layer is melted. The melt pool is large enough to bond the 
layers together as the platform goes down [103]. The entirety of the process occurs in a 
contained gas chamber to avoid oxidation at high temperature. The SLM feedstock consists of 
a fine powder (typical size ≈ 45 µm), ideally spherical for better flowability and reduced 
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manufacturing imperfections. The SLM technique is described by the schematic in Figure 2-
11.  
Numerous parameters such as laser powder, layer thickness and hatch distance control the 
quality of the prints. Although machines’ manufacturers usually provide default sets of 
parameters that have been optimized for conventional alloys, in theory, each new material 
requires specific parametric studies to obtain optimized sets of parameters [104]. In addition, 
the supposedly optimized parameters can sometimes show large variance in the published 
literature [105]. There is no rule or model that can predict the optimum manufacturing 
parameters for a given material, which often leaves the optimization of such scenario to a 
classic trial and error approach.  
 
Figure 2-11. Schematic of the SLM process [103]. 
Despite the near-net shape capabilities of SLM, the process also has its limitations and 
disadvantages. Firstly, powder particles size and shapes should fall within a standard set of 
parameters [106]. Using non-spherical powder particles or large particle sizes may lead to 
significant reduction in part quality [107]. Although most internal and surface defects can be 
controlled to a certain extent by adjusting the manufacturing parameters, process limitations 
remain. Due to the physics of the melt pool, un-melted or partially melted particles tend to 
adhere to the surfaces of SLM-produced material [108], which is at the origin of the high 
surface roughness of as-built parts. Overhang related issues also occur with SLM. This effect 
happens when there is a lack of support in the previous layers on the substrate and increased 
surface roughness occurs for downskin surfaces. In the literature, the maximum build angle 
without overhang is often reported as 45º related to the vertical building direction [109]. Lastly, 
the staircase effect, due to the layer-by-layer process used in SLM. The presented 
manufacturing limitations are illustrated in Figure 2-12 [110]. These aforementioned defects 
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contribute together to the morphological mismatch between the CAD model and as-built 
component commonly observed in SLM [111]. In addition to the physics of the process, the 
machine itself can have its limitations (type of laser, size of laser beam, etc...) but the new 
generation of machines tend to deliver better and better outcomes. Using fine modern powders 
combined with the new generation of machine, it is possible to obtain features with resolution 
as low as 20 µm with some materials [112]. 
 
Figure 2-12. Illustration of the staircase effect and un-melted particles due to the overhang phenomenon 
[110]. 
 
3.3. Effect of SLM processing parameters on lattices 
There has been much attention to AM for the production of metallic lattices. This has also 
raised some concerns regarding the influence of the manufacturing process on the material 
integrity. In SLM technology, the laser power (or energy input) has a major role on the strut 
quality: high laser power can introduce oxygen and nitrogen into the dense matrix, resulting in 
unintentional non–designed micro porosity, as illustrated in Figure 2-13 [113]. Subsequently, 
the resulting mechanical properties are directly impacted by the energy input. Sercombe et al. 
[114] also pointed out that process parameter optimization could have a beneficial influence 
on the material. In this study, the failure mechanisms as well as general strength under 
compression were explored for SLM produced scaffolds. Significant morphological 
differences could be observed between the CAD model and the actual geometry obtained from 
µCT reconstruction (Figure 2-13). The excess material that constitute the surface roughness of 
the unit-cell led to a lower strength than expected. As the amount of irregularities depend on 
the orientation of the struts, such phenomenon could introduce non-desired anisotropy to the 
lattices. Although the defects can be minimized with parametric studies to find the best set of 
parameters, mismatch between CAD and actual geometry is a remaining problem with SLM. 
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These surface irregularities are also detrimental to the fatigue life of metallic lattices, as they 
create notches and sharp notches at the surface [115], which create preferential crack initiation 
spots and reduce fatigue life significantly.  
 
Figure 2-13. Influence of laser on lattices’ struts (left) [113] and comparison between CAD vs. µCT 
scan of build lattice (right) [114]. 
 
3.4. Surface treatment of metallic lattices 
As widely addressed in this review, surface roughness of additively manufactured components 
remains a concern in the development of biomedical devices. Although SLM exhibits finer 
surface roughness than EBM and LENS, the surface defects and irregularities present on as-
built SLM material can be detrimental for both biological and mechanical properties [116, 117]. 
In terms of biological improvements, enhanced bone formation was reported with etched 
lattices in a rat femur implant [118]. Regarding the effect on mechanical performance, it is 
mainly the fatigue life that is being negatively affected by the surface state [115]. Generally, it 
is agreed that surface treatments or coatings are necessary to improve additively manufactured 
biomedical metallic lattices [119]. The effect of surface treatment on mechanical properties is 
further discussed in the next section of this review.  
While polishing of dense parts is relatively straight forward and can be addressed by simple 
mechanical techniques, the polishing of complex internal architectures requires different 
approaches. Although sandblasting can typically be used in the surface modification of titanium 
lattices, small cracks at the surface may appear due to the abrasive nature of the process [120].  
Chemical or electrochemical polishing are the most suitable methods when it comes to lattices 
[117, 121]. Solutions of hydrofluoric acid (HF) and nitric acid (HNO3) have been used widely 
in the polishing of titanium alloys. These chemicals, when used in proper ratios can be 
successful in reducing the surface roughness. Higher concentrations of HNO3 will typically 
reduce the hydrogen absorption that leads to surface embrittlement and higher concentration of 
Chapter 2. Literature Review 
47 
 
HF promotes the formation of soluble compounds. For the polishing of titanium alloys, ratio 
of HF to HNO3 ranging from 1:10 – 3:10 have been widely reported.  
According to Pyka et al. [121], the effects of chemical polishing are strongly influenced by the 
unit-cell morphology, which include the pore size, strut size and overall topology. However, 
the role of the polishing conditions is not fully understood, and the majority of studies have 
used conventional strut-based unit-cells such as cubic or dodecahedron. Although TPMS 
lattices have presented promising outcomes in many aspects, there is a lack of published 
literature on the effect of chemical polishing on their morphological features and surface state.  
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4. Mechanical properties of metallic TPMS produced using SLM 
The mechanical properties of lattice structures are usually reported as the response of the entire 
structure rather than their local response. This approach makes it practical for direct 
comparison with bulk materials, particularly in the context of biomedical material, where 
matching the mechanical behaviour to the host tissue is essential. In fact, the mechanical 
properties of lattices are often expressed as a fraction of the bulk material [122]. For instance, 
the Young’s modulus of lattice structures is expressed as EL / EB, where EL is the modulus of 
the lattices and EB is the modulus of the bulk material that composes the lattices. This ratio will 
always be lower than 1, as for any type of lattices, it is known that both Young’s modulus and 
yield strength decrease with the increase in level of porosity [123].  
When it comes to experimental mechanical characterization, lattices have mostly been studied 
in quasi-static compression [124-126]. This is most likely due to the simplicity of the 
experimental setup for compression tests compared to tensile or cyclic testing. Compressive 
testing is also the most studied mechanical aspect of biomedical materials. While compression 
is an important physiological load to consider, in reality, most implants are subjected to more 
complex loadings during their lifetime, including compression, tension and torsion [127]. In 
addition, the repeated cyclic loads occurring for implants is of high importance in the 
development of biomedical lattices. In the present section, the compressive, tensile and fatigue 
behaviour of lattices are being discussed as well as the influence of major morphological 
characteristic on the mechanical properties.  
4.1. Quasi-static behaviour  
Under a compression load, lattices follow the same behaviour as metallic foams. A linear 
elastic region is first observed, followed by plastic deformation and densification stages [128]. 
A typical stress-strain curve for a lattice structure is presented in Figure 2-14 and presents the 
different regions. When yielding occurs, a relatively constant plateau stress can be observed 
for bending-dominated structures while an oscillating stress is usually observed in stretch-
dominated structures [110]. Once the pores have been flattened considerably and the struts 
begin to touch, the densification phase starts, and the stress increases significantly.  
At the local level, the struts can fail with ductile fracture, yielding or buckling. Generally, once 
a strut has failed, the entire lattice structure will follow. Three types of global failure have been 
reported in compression: successive strut failure, propagation of cracks or diagonal shear. 
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These failure modes have been observed for both sheet-networks [129] and network-solid 
lattice structures [130]. According to Maconachie et al. [110], cell collapse is due to the 
buckling or crushing of the struts whilst crack propagation is due to existing manufacturing 
defects. Diagonal shear happens after the structure has lost approximately 50% of its initial 
strength.  
 
Figure 2-14. A typical stress-strain curve observed for a lattice structure showing the different region 
and phases during a compression test [110]. 
Unit-cell size is one of the major factors that influence the mechanical properties of lattices. 
The graph in Figure 2-15 presents the variation of stress-strain curves for different cell-sizes 
with a gyroid structure. The data show that the plateau stress is increasing with the decrease in 
cell-size. The authors of this study explained that this is most likely correlated to the density of 
the struts. Due to the internal micro pores usually observed in SLM-produced material, the 
density in the struts is higher for smaller cells by almost 10%, providing additional strength to 
these smaller form factors. Labeas et al. [131] obtained identical conclusions comparing cell 
sizes of 1.5 mm, 2.5 mm and 5 mm. Although the effect of unit-cell size on mechanical 
response is agreed, this is not the case for the effect on failure mechanisms. Using sheet-solid 
TPMS, Maskery et al. [129] have obtained mixed results in this regard. Identical specimens 
exhibited random responses with different failure modes (Figure 2-16), as presented in the 
previous paragraph. Regardless of the inconsistencies reported, the authors concluded that 
smaller cell sizes are less likely to be subject to low-strain failure due to crack propagation. As 
the smallest cell sizes used in the aforementioned studies fall between 1 mm and 2 mm, this 
should not apply for biomedical metallic lattices, which require smaller cell sizes regardless 
(ie. pores within the recommended range for bone applications).  
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Figure 2-15. Stress-strain Curves of Cellular Lattices Specimens [132]. 
 
Figure 2-16. Effect of cell size on failure modes in gyroids lattices [129]. 
Many studies have focused on the influence of the unit-cell topology in conventional cellular 
materials. The well-known BCC, BCCz, FBCz, FCCz and FCC have been compared under 
compressive loading [133]. In the case of conventional unit-cells, the resulting properties can 
be directly correlated to the presence or absence of struts aligned with the loading direction: 
the two weakest lattices are the ones with no support in the loading direction (BCC and FCC). 
For TPMS structures however, the effect of the unit-cell topology is less evident. In a recent 
study, Al-Ketan et al. [89] investigated several types of lattices in compression including strut-
based, TPMS sheet-solids and TPMS network-solids. As expected, the authors found that the 
TPMS sheet-solids exhibited the highest mechanical performances of the studied structures. 
The deformation behaviour of the network solid was reported as bending-dominated while the 
deformation behaviour of sheet-solid was found to be stretching-dominated. However, 
depending on their orientation according to the loading direction, lattices could behave 
differently, according to Maconachie et al [110]. The authors concluded that geometries with 
identical unit-cells but different relative density presented comparable responses, with an 
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expected increase in mechanical strength when increasing the relative density. Figure 2-16 
presents the stress-strain curves in compression for a range of unit-cells and shows the 
influence of unit-cell topology and relative density on the mechanical properties.  Even though 
clear differences are observed in both elastic and plastic regions, it is unclear how to establish 
a general rule for the impact of the shape on the mechanical properties. To address this, 
numerical models can be used to further the understanding at the local level.  
 
Figure 2-17. The influence of unit-cell shape and relative density on the compressive mechanical 
behaviour of Maraging steel SLM built lattices. Modified from [89]. 
In contrast to their compressive mechanical behaviour, the tensile behaviour of lattice 
structures has not been widely reported in the literature. Nonetheless, Ferrigno et al. [134] 
studied the compressive and tensile properties of EBM-produced Ti-6Al-4V with regular octet 
lattices and as part of a fatigue study, Lietaert et al. [135] have explored the quasi-static tensile 
behaviour of a strut-based diamond structure. The typical stress-strain curves observed in 
tension are characterised by a linear elastic region, followed by slight plastic hardening (Figure 
2-18) Compared to compressive behaviour, the tensile curves present a sudden fracture [136]. 
In terms of lattice stiffness, there is no clear pattern that appears between tensile and 
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compressive testing, according to the results presented in [134]. Alsalla et al. [137] reported 
that the building direction has a significant influence on tensile strength, with much lower 
strengths for struts being built horizontally. The authors attributed this effect to the weaker 
struts that were being built in the horizontal direction. This could also be explained to the 
appearance of manufacturing defects on downskin surface (ie. downward facing surface on the 
horizontal struts), which are known to be detrimental in tensile loading.  
In the study of tensile properties of lattices, a common issue is that the failure of the lattices 
tend to happen at the extremity of the specimens [115, 137], where the lattices meet the bulk 
material. This can be addressed by incorporating a density gradient in the design of the 
specimen in order to concentrate the stress in a area of interest [135] (typically the centre of 
the specimen).  
 
Figure 2-18. Stress-strain curve for a tensile test with strut-based diamond lattices [135]. 
 
4.2. Fatigue Behaviour  
A biomedical component is typically subjected to a high number of loading cycles during its 
lifetime. This is why understanding the fatigue life of metallic lattices is crucial in the 
development of new generations of biomaterials. The upper bound for biomedical materials is 
usually set to 105 or 106 cycles [135, 138, 139], as this corresponds to the repetitive cycles that 
occur in the implant applications [12]. Like tensile and compressive behaviour, the fatigue life 
of lattices is known to be affected by the bulk material, the unit-cell geometry and the relative 
density of the structure [140]. Yavari et al. [138] reported that with similar relative densities, 
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different unit-cells had significant variations in their fatigue life, which highlighted the role of 
the topology in the fatigue behaviour. This statement is clearly supported by the S-N curves 
from Figure 2-19 that show variations in fatigue life for identical levels of porosity and different 
unit-cells. Additionally, the fatigue life has been found to always decrease with increase in 
level of porosity of the structure [140]. This is usually attributed to the additional sensitivity to 
manufacturing defects inherent to lattices [141]. Lattices have a higher surface area to volume 
ratio than bulk components. Increasing the level of porosity also increases the surface area to 
volume ratio, which ultimately reduces the fatigue life. 
 
Figure 2-19. Normalized S-N curves showing the difference in fatigue life for different types of unit-
cells [138]. 
Fatigue life can be tested in different types of loading: compression-compression, tension-
compression or tension-tension [135]. Tensile loads are known to be detrimental to the fatigue 
life of any metal, in particular for SLM-produced components. This can be explained by the 
high sensitivity to manufacturing defects such as surface notch or micro pores [122]. In tensile 
fatigue test, bending stresses are developed in the struts for bending-dominated structures. 
These stresses ultimately cause crack initiation in individual struts and lead to final failure of 
the structure. In contrast to bulk materials, some studies have shown than HIP heat treatments 
do not significantly influence the fatigue life of lattices, as fatigue cracks initiate at the surface 
of the struts [111, 115]. Rather, the fatigue life seems to be controlled by the surface roughness 
and overall surface state of the lattices.  
TPMS lattices have only received little attention in regards to their fatigue life [69]. In 
particular, tension-tension properties are missing from the literature. Bobbert et al. [69] 
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investigated the compression-compression cyclic behaviour of sheet-solid TPMS, including 
diamond, Schwartz primitive and gyroid. The results presented in their study do not align with 
other fatigue studies, as the fatigue life seems to be inconsistent for the gyroid unit-cells and 
shows an increase in fatigue limit with the decrease in relative density. Yang et al. [142] 
recently investigated the effect of sandblasting on compression-compression fatigue life of 
stainless steel gyroid lattices. The authors concluded that the surface polishing had a significant 
influence on fatigue life, with improved number of cycles to failure. Although compressive 
properties are associated with superior fatigue performance, similar improvements could be 
expected with the tension-tension fatigue behaviour. 
While fatigue properties of SLM-produced lattices have gained attention in the last 5 years, 
further work should be conducted on the fatigue life of these structures with a particular focus 
on: new geometries (typically TPMS), the influence of surface treatment and tension-tension 
fatigue behaviour. Like quasi-static tensile testing, tension-tension fatigue testing requires 
particular types of specimens in order to avoid failure near the attachment points. A gradient 
in density can be adopted as an efficient way to concentrate the stresses to the centre of the 
specimen [135].  
5. Predicting the mechanical behaviour of porous materials 
The present section discusses the numerical and semi-analytical methods used for the 
prediction of mechanical properties of porous materials or lattices.  
In the development of metallic biomaterials, mechanical testing is a required step to evaluate 
the response and predict the behaviour of the material. Both experimental and computational 
studies have been explored and used for the characterization of the mechanical properties. 
While experimental studies can be considered as the only realistic testing method, numerical 
or analytical models can provide very accurate predictions and thus, are a good cost effective 
alternative. In addition, experimental studies do not provide much information regarding the 
mechanical response at the microstructure level [143], which could be used in order to optimise 
the structure’s internal geometry [144]. 
Porous materials or lattices can be quite complex to model or to mesh because of the numerous 
inclusions in their structure. Thus, generating and meshing models can represent a challenge. 
Scale transition methods can simplify the modelling, its geometry, and allow taking into 
consideration the microscopic heterogeneity in the macro-response of a stochastic material.   
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5.1. Predicting the Mechanical Behaviour with the Finite Element Method  
The finite element method (FEM) has been widely used since 1960s to solve engineering 
problems such as structural analysis, flow mechanics or heat transfers. Finite element analysis 
methodologies have also been extensively used in porous materials [145-147] and composites 
materials applications. The mesh decomposes the initial model into simpler sub-models call 
elements and the solver calculates the effective response for each integration point of each 
element. In the prediction of the mechanical behaviour of porous material, the finite element 
method is often considered as the reference due to the accurate convergence of the solution 
when compared to experimental data [148, 149]. However, computational cost and meshing 
remain important concerns when solving with this method. While computational power has 
increased significantly in the last decades, the modelling of porous material can still be time-
consuming because of numerous micro or macro inclusions leading to a high number of 
elements in the mesh. Thus, simplifications are often required; the scale transition can be seen 
as the first simplification. On a case by case basis, further simplifications can be done; use of 
2D models, use of unit-cell models or simplification of inclusions topology to mention but a 
few. The following section focuses on the influence of these simplifications on the mechanical 
response of porous materials and lattices.  
5.1.1. Outcomes 
Elastic properties are not the only outcome provided by the FEM. Indeed, many other aspects 
such as plastic properties, deformation, fatigue or failure can be predicted with this method. 
Most of these properties exhibit a direct correlation with the geometry and layout of the 
material [150]. 
Usually considered as a first step, the overall macroscopic response of a material can be 
predicted with averaging the state of stress at each integration point in the FEM model. This 
averaged behaviour is very useful to verify the stiffness and yield strength of a material, which 
is primordial in most applications. However, this overall analysis does not provide information 
within the material, putting aside local mechanisms such as deformation or failure.  
On the other hand, the microscopic fields can provide useful information concerning the failure 
of the material. Indeed, local stress concentrations around the pores are often the origin of crack 
initiation and thus, failure. The probability of stress exceeding the yield strength is usually 
taken as a reference to identify whether or not the material is going to fail [147, 150]. In their 
Chapter 2. Literature Review 
56 
 
study,  Kadkhodapour et al. [150] used the Johnson-Cook model [151] for simulating a 
compression test and obtained coherent results regarding the failure of their material. Figure 2-
20 clearly illustrates how the stresses concentrate on a 45° angle plane where the failure 
actually happens in experimental studies. 
 
Figure 2-20. Evolution of the state of stress in a strut-based diamonds porous structure under 
compression [150]. 
Even though studies on fatigue behaviour seemed to be mostly limited to experiments, a recent 
research focused on the prediction of crack propagation and fatigue failure through FEM 
simulations for additive manufactured material [152]. This study illustrated the influence of 
unit-cell on the failure mechanism and demonstrated coherent results with the experimental 
data available in the literature. However, the author does not take into consideration the 
microstructure of the dense matrix in the simulation, which is something that has been proven 
to have a significant influence on porous material response. In this regard, Campoli et al. [149] 
demonstrated through a comparison between FEM simulation, analytical results and 
experimental data that the irregularities in the microstructure of the dense matrix caused by the 
manufacturing defects have a significant impact on the mechanical response of the material. 
Combined with micro-computed tomography (µCT) analysis, the FEM could help 
understanding how the manufacturing irregularities and defects within the microstructure 
influence the material properties. 
5.1.2. Methods 
Well-known FEM codes such as ANSYS [153] or ABAQUS/Standard [154] can be used to 
evaluate the macroscopic and microscopic mechanical responses of porous materials. These 
packages require the geometry or the model to be imported prior to the simulation, via either a 
proprietary format or a simple text file that provides the necessary information. The mechanical 
properties of the bulk material are also required in order to run the simulations. In the cases of 
porous materials and lattices, an input for the dense matrix (or bulk material) is usually 
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provided to get the response of the porous layout. Implicit or explicit solver can be considered 
depending on the application.  
Meshing the model remains one of the main challenges in predicting with the FEM. Especially 
when it comes to periodic meshing that is required in order to apply PBC. Most FEM software 
can provide an automatic meshing tool. However, none can generate periodic meshes. External 
meshing tool, such as Netgen [155] or Gmsh [156] are thus used prior to importation in the 
FEM software. Although the research in this field is limited, in 2016, K. Schneider et al. 
developed a new automatic meshing tool for 3D periodic RVE in the context of matrix-
inclusions composites [157]. When compared to Netgen, their script presented a more isotropic 
distribution for element size but no significant differences between both approaches. Given the 
challenging nature of meshing for complex geometries, future work should be conducted 
toward the development of automated periodic meshing algorithms that are suitable for 
periodic unit-cells.  
 
5.1.3. Influence of model sophistication 
The use of real size models, with high number of inclusions usually implies high CPU costs 
for the simulations. These are mainly considered for regular geometries manufactured by 
additive manufacturing methods. These types of models can also be suitable for random 
porosity layouts, although the numerous inclusions and complex geometry represent a 
challenge in terms of meshing. A study on micro-cellular carbon foams [158] showed that the 
results of the Young’s modulus obtain from these types of models under compression, 
presented in Figure 2-21, gave a good match with a maximum relative error of 12% when 
compared to mean-field approximations. With periodic regular architectures, these real-size 
models tend to give more accurate predictions [159]. The advantage of using these types of 
models is that the heterogeneous structure is fully taken into consideration, but the CPU cost 
is very high compared to other simplified models. Aside this downside, real-size models tend 
to give reliable estimations for porous material and lattices, and remain appealing for additive 
manufactured materials.  
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Figure 2-21. (a) Highly porous models and (b) equivalent Young’s modulus compared to M-F schemes 
[158]. 
2D models can be used to simplify the modelling:  surface elements require a much lower 
computational cost than 3D. This is one of the main reason two-dimensional models are used 
in porous material; they provide a rough and quick idea of the overall behaviour of the material. 
They can be quite accurate when the inclusions are oriented symmetrically along a certain plan 
(fibre-reinforced composite for example). Although in other scenarios, it is not the most 
accurate method to investigate the mechanical response of a porous material because of the 
lack of information in the normal direction. Back in 1995, Iung et al. [160] investigated the 
“necessity of three-dimensional modelling” for multi-phase materials by highlighting 
significant differences between 2D and 3D models. Even though it seems possible to reach 
satisfying accuracy on macro-fields with planar models with a large number of inclusions, the 
micro-field information remains invalid. Bohm et al. [161] conducted a specific study 
comparing 2D and 3D models. They found that 2D models would give different results 
depending on the loading scenario: plane stress models are too soft and plane strain are over 
predicting the stiffness. Another limitation of these planar cells is that it is impossible to 
simulate the shear in the longitudinal direction. In a different work [147], 3D models presented 
a dispersion error of 3% on the stress-strain data compared to the 25% obtained with planar 
models, confirming the superiority of 3D models (illustrated in Figure 2-22). 
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Figure 2-22. Strain-Stress (a) and Stress Distribution Probability (b) comparison for 2D and 3D models. 
[147]. 
The Figure 2-22-a clearly illustrates that 2D models, on a macroscopic point-of-view, need a 
much bigger RVE in order to converge and that the refined solution seems to be underestimated 
anyway. In contrast, on a microscopic point-of-view, 2D models tend to overestimate the local 
stress concentration (Figure 2-22-b). Local plastic strains are of significant importance since 
they lead to ductile fracture by void nucleation and thus, failure of the material. The comparison 
in Figure 2-23 clearly illustrates this overestimation of local stresses. In this case, this is due to 
the fact that the surrounding material in the out-of-plane direction of the 2D model is not taken 
into consideration: there is less material to withstand the loading, leading to higher local 
stresses.  
 
Figure 2-23. Von Mises stress distribution at 1% macroscopic strain predicted by (a) the 2D model and 
(b) the corresponding 3D model [147]. 
Another well-known approach in modelling porous material is the single unit-cell, which only 
takes the minimum information about the structure: the smallest repeating cell in the 
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architecture. This approach assumes that the geometry is regular through the material and is 
thus very appealing for additive manufactured lattices. For strut-based unit-cells, the beam 
theory can be applied, using simple 2-nodes beams as the struts in the model. 3D continuum 
elements (or shell elements for constant thickness) can also be used for more accuracy and are 
required for more complex geometry such as TPMS lattices. So far, numerous unit-cells have 
been investigated for their mechanical properties. It has been widely agreed that the unit-cell 
topology directly influences the mechanical properties on the macroscale but as mentioned in 
the previous sections of this review, further work should be conducted toward the mechanical 
behaviour of TPMS unit-cells [69, 79]. 
In 2013, Smith et al. [144] investigated the compressive response of two different unit-cells for 
SLM applications. A simple body-centred cubic (BCC) and a vertically reinforced BCCz) were 
compared. It was concluded that modelling individual unit cells gave good approximation of 
the mechanical response but also presented its limitation. When compared to experimental 
compression tests, it seemed that the deformation process exhibited 45° shear bands resulting 
in complex deformation mechanisms; the cells not deforming at the same time would show 
some bulking effect in the struts for example, a phenomenon not observable on a single unit-
cell.  Finally, it was agreed that their unit-cell models were suitable for predicting the major 
mechanical properties of the material, but more realistically, a larger number of unit cells would 
take into consideration other complex phenomena. From previous researches, the unit-cell 
approach manifestly provides interesting advantage for topological optimizations and should 
be used as a first step in the design of regular architectures.  
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6. Concluding remarks and summary of research gaps 
Although additively manufactured biomedical lattices have received great attention in the last 
10 years, some challenges remain before their wide adoption in the field. In particular for the 
promising set of TPMS lattices, which present biological advantages over conventional strut-
based designs. Studying the manufacturability and mechanical behaviour of these structures is 
essential toward the development of new generation of metallic biomaterials particularly. In 
this regard, the research gaps include:  
- The investigation of the manufacturability of TPMS lattices using SLM with titanium 
alloys. This should further the understanding of how and where manufacturing defects 
occur in lattices. Comparisons between µCT scan data and the CAD input models 
should help identify eventual morphological discrepancies caused by the manufacturing 
process. (Addressed in Chapter IV, V and VII of the present thesis) 
- The mechanical properties of TPMS lattices including both compressive and tensile 
tests. Fatigue behaviour should also be addressed, in particular in tension-tension, as it 
is currently missing from the literature.  (Addressed in Chapter IV, V and VI of the 
present thesis) 
- The surface treatment of titanium lattices to address surface defect that are known to be 
detrimental for both biological and mechanical performances. (Addressed in Chapter 
VII) 
- The exploration of new low-modulus biocompatible alloys as alternative options to 
industry standards. With the flexibility of SLM process, powder blends could be used 
as a feedstock. (Addressed in Chapter V)
Chapter III. Limitations of stochastic porous 
titanium 
As identified in the literature review, periodic regular lattices are considered superior in term 
of mechanical properties over stochastic foams. However, there is a lack of understanding 
behind the mechanical properties of titanium stochastic foam produced by space holder 
sintering method. This is why prior to exploring the additive manufacturing of titanium lattices, 
numerical and experimental investigations are presented in the present chapter and give further 
understanding regarding the mechanical properties of stochastic titanium lattices and their 
limitations.  
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Abstract 
In biomedical implant applications, porous metallic structures are particularly appealing as they 
enhance the stiffness compatibility with the host tissue. The mechanical properties of the 
porous material are critically affected by microstructural features, such as the pore shape, the 
distribution of porosity, and the level of porosity. In this study, mechanical properties of porous 
commercially pure titanium structures with various porosity levels were investigated through 
a combination of experiments and finite element modelling. Finite element simulations were 
conducted on representative volume elements of the microstructure to assess the role of pore 
parameters on the effective mechanical properties. Modelling results indicated that the shape 
of the pore, in addition to porosity level, play a significant role on the effective behaviour. 
Finite element simulations provide reasonably accurate prediction of the effective Young’s 
modulus, with errors as low as 0.9% for porosity of 35%. It was observed that the large spread 
in yield strength produced by the simulations was most likely due to the random pore 
distribution in the network, which may lead to a high probability of plastic strain initiation 
within the thin walls of the porous network.  
Keywords: Finite element analysis; Micromechanical modelling; Porous titanium; Biomaterial 
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1. Introduction 
Metallic materials are good candidates for tissue engineering and biomedical applications that 
require load-bearing capacity [162]. Titanium and its alloys are particularly attractive due to 
their very good biocompatibility and good corrosion resistance. Although they have lower 
elastic modulus compared to typical metallic biomaterials (Co-Cr alloys and 316 Stainless 
Steel), their high stiffness compared to human bones remains a concern to date [7]. This elastic 
modulus mismatch induces a load redistribution near the implant (the stress-shielding effect), 
which may lead to bone resorption and, eventually, implant loosening. This type of loosening 
is the main cause of revision surgery, driving research efforts in the development of new 
metallic biomaterials with tailored properties [16]. The two most common approaches to this 
problem are the use of alloying elements [163-165] and/or porous structures [166-168], which 
can both decrease the elastic modulus of the material. Open porous structures are also 
advantageous for  biological fixation and provide an appropriate environment for complete 
bone ingrowth and vascularization [169].  
Porous metals can be manufactured with a wide range of techniques such as powder metallurgy 
[170-172], gas foaming [91], casting [92] and 3D metal printing [167, 173]. However, these 
techniques can be associated with technical difficulties introduced by the relatively high-
melting point of titanium and its chemical reactions with some gases [93]. Moreover, spherical 
powders are usually required for 3D metal printing technologies such as selective laser melting, 
which makes the process costly. The space holder method, which consists of compacting and 
sintering a mixture of powders, is one of the simplest manufacturing techniques for porous 
titanium. The low processing cost has also made this method very appealing. The level of 
porosity, pore size and pore shape can all be controlled during this manufacturing process [94].  
In a recent study, Chen et al. [90] demonstrated that the use of sugar pellets as a space holder 
material in a titanium matrix has good potential for hard tissue engineering. The observed 
interconnected porous network as well as the relatively spherical pore shape are both features 
which promote good implant durability. However, the mechanical properties of these porous 
materials have not yet been characterized, and structure-property relationships remain to be 
elucidated.   
Given the importance of the elastic properties in tissue engineering applications, predictive 
mechanical models that can relate these properties to the underlying microstructure are strongly 
desirable. This can be addressed by full-field simulations on a Representative Volume Element 
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(RVE) of the microstructure, typically using the Finite Element (FE) method. This approach 
has been extensively used to predict the effective properties of composite materials [174, 175] 
and porous structures, including biomaterials [62, 143, 148, 149], and is often used as a 
reference to verify the predictions of simplified analytical schemes. The advantage of this 
approach is that it is suited to arbitrary geometries and material behaviour. The drawback is 
that the RVE size of random microstructure may be large, which may lead to prohibitive 
computational cost. For example, Shen et al. [147] investigated the compressive behaviour of 
porous titanium with the FE method. In that study, the constraints in term of meshing limited 
the authors to study low porosity only (17% porosity) with no overlapping pores and 
conventional prescribed-displacement boundary conditions. As an alternative to full-field 
simulations, the RVE problem can be solved using mean-field (MF) approximations [176], 
such as the popular Mori-Tanaka model [177, 178], which require very low computational cost.  
While initially proposed for linear elastic behaviour, extensions to elasto-plastic behaviour 
have been proposed before [179]. However, the accuracy of MF models is not guaranteed for 
complex microstructures or non-linear behaviour. When applied to porous materials, they are 
usually limited to low-to-moderate porosity levels (0-20%) [148, 149]. 
In this work, FE simulations are used to predict and understand the mechanical behaviour of 
porous materials under uniaxial compressive loading. RVEs of the random microstructures 
include various porosity levels and two pore shapes (spherical and spheroidal pores). 
Simulations are conducted both in elasticity and elasto-plasticity, and the numerical predictions 
are compared to experimental data. Local deformation mechanisms are also investigated 
through the FE simulations. 
2. Experimental procedure 
This work considers porous materials produced by compaction and sintering of titanium 
powder and using sugar pellets as space holders. The processing technique was proposed by 
Chen et al. [17] and the resulting materials were found promising for biomedical applications. 
The same procedure was adopted here, and the main aspects of the experimental procedure are 
represented here, as they guided the modelling assumptions. More detail regarding the protocol 
can be found in the original publication [90].   
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2.1. Sample preparation 
Commercially pure titanium powder was mixed with sugar pellets space holders for 30 min 
using a GlenMills Turbula mixer. Porosity was adjusted by varying the relative volume 
fractions of titanium and sugar pellets. The volume fraction of sugar pellets is taken as the 
nominal pore volume fraction. Porous materials with two porosity levels were produced, with 
the volume fractions of both powders reported in Table 3-1. As a reference, dense titanium 
samples were also produced with the same process. Lower porosities (under 20% porosity) 
were excluded, as they lead to stiff materials, and higher porosities (above 50% porosity) were 
excluded due to manufacturing complexity.  
Table 3-1. The specification of the titanium samples designed for fabrication. 
Sample Name % Volume of Ti % Volume of Sugar 
Ti_Dense  100 0 
Ti_30 70 30 
Ti_40 60 40 
  
The sugar pellets had a particle size comprised between 300µm and 425µm, which is within 
the recommended pore size for bone scaffolds [16, 62]. The titanium powder consists of 
particles ranging between 40µm and 50µm. After mixing the powder to the desired porosity 
ratio, the powder was compacted to 600MPa through a Carver Manual Hydraulic press to 
produce cylindrical samples. Pilot experiments have shown that such a high pressure is required 
to avoid disintegration of the sample during the dissolution of the sugar pellets. The green body 
was then placed into warm water (85°C) for 4 hours to dissolve the sugar pellets. Finally, the 
samples were sintered using a Carbolite high vacuum furnace at 1250°C for 2 hours with a 
heating/cooling rate of 4°C/min.  
2.2. Density measurements and microstructure characterization 
Density measurements were conducted on sintered specimens in order to compare the actual 
density of the material to the targeted, nominal porosity. To this end, the Archimedes method 
was used as follows:  
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- The dry samples were first weighted in air (WAir) 
- The samples were then impregnated in oil under pressure, so that the oil infiltrated the 
pores.  
- The impregnated samples were weighted in air (Woil) 
- The impregnated samples were weighted in H-Galden (WHG)  
- The porosity was then calculated using:  
 𝜌 = 	𝜌!" ×	𝑊#$%𝑊&$' −𝑊!"  (3.1) 
 
with 𝜌!"=1.69g/ml at 21°C. 
In order to characterize the pore shape and pore distribution, one specimen of each porosity 
level was cut, grinded and polished. The cross sections of the samples in both axial and radial 
directions were then observed using a Polyvar Met optical microscope.  
2.3. Mechanical testing 
Uniaxial compression tests were carried out on three specimens for each porosity level using 
an Instron 5584 with a crosshead speed of 0.001 mm/s at room temperature. The height-to-
diameter ratio of the samples was almost 1.6 and the top and bottom surfaces were machined 
to ensure geometric accuracy before compression testing. The stress-strain curve from the 
dense titanium was used as the material input in the FE simulations while data for porous 
samples were taken as reference for the comparison with FE simulation results. 
3. Experimental results 
The following experimental observations from density measurements and pore-shape  
characterization have directed the modelling assumptions of this work.  The data from the 
mechanical testing are also introduced hereafter and will be subjected to an in-depth 
comparison with the computational findings in a following section. 
The density measurements are given in Table 3-2. Similar to Chen et al.’s work [90], a 
consistent discrepancy of approximately 10% below the nominal porosity was observed. As 
reported previously, closed pores (i.e. not interconnected) as well as the shrinkage of pores 
during sintering are the reasons for these differences. The geometries used in the simulations 
are based on these measured porosity level.  
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Table 3-2. Young’s moduli and yield strengths measured experimentally and predicted by the FE 
models. 
Material Actual Porosity (%) Method 
Young’s modulus  
(GPa) 
Yield strength at 0.2% 
(MPa) 
Ti_dense -- Experimental 91 ± 3.8 500 ± 65 
Ti_30 27.1 ± 0.49 
Experimental 38.1 ± 6.1 310 ± 22.8 
FEM (Spheres) 49.6 ± 1.2 270 ± 15.9 
FEM (Spheroids) 42.9 ± 1.9 245 ± 22.7 
Ti_40 35.5 ± 1.12 
Experimental 33.8 ± 2.1 247 ± 13.2 
FEM (Spheres) 39.3 ± 1.7 221 ± 18.1 
FEM (Spheroids) 33.5 ± 2 190 ± 24.1 
 
Representative optical images of the porous microstructure are shown in Figure 3-1. The pores 
exhibit a circular shape when the observation plane is taken perpendicular to the compaction 
direction (Figure 3-1-a). However, in a plane parallel to the direction of compaction, the pores 
show an elliptical shape (Figure 3-1-b). The high pressure of 600MPa applied prior to sintering 
is quite probably at the origin of this phenomenon. Based on these observations, it was assumed 
that the pores can be represented as oblate spheroids, with a ratio of the spheroid short axis to 
its long axis estimated to be 0.72. The ratio was estimated from optical images, over numerous 
inclusions, in various specimens.  
 
Figure 3-1. Optical images of 40% porous Ti sample: (a) cross-sectional view (vertical to the 
compaction direction) and (b) parallel to the compaction direction. 
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True stress-strain curves of the dense and porous samples in uniaxial compression are shown 
in Figure 3-2. As expected, porosity brings about a significant drop in both the elastic modulus 
and the yield strength. The average and standard deviation of these mechanical properties are 
presented in Table 3-2.  The average Young’s modulus of the dense titanium was found to be 
91GPa. This is smaller than the value reported in the literature for commercially pure dense 
titanium (100 GPa) [163]. The discrepancy can be partially explained considering the 
microporosity commonly found in sintered titanium from unsintered particles [170]. Since this 
microporosity is also present in the solid matrix of the porous samples, as can be seen in Figure 
3-1, we have considered the elastic modulus to be 91 GPa for our simulations on porous 
samples.  
The elastic moduli of the porous samples were measured at 38.1 GPa for Ti_30 and 33.8 GPa 
for Ti_40, which is relatively close to the targeted modulus of bone (1-30 GPa). The average 
yield strengths of 310 MPa and 247 MPa fall well above the recommended minimal values for 
hard tissue engineering applications (100-180 MPa) [180, 181]. While the spread in the 
Young’s moduli of the porous samples is quite low (standard deviation of 6.1 GPa and 2.1 GPa 
for Ti_30 and Ti_40, respectively), the large variations in yield stresses and plastic response, 
as illustrated in Figure 3-2 and Table 3-2, may suggest a lack of reproducibility within the 
manufacturing process. The variations in local phenomena associated by the random 
distribution of the pores may explain these disparities.  
The responses from the dense samples show a smooth elastic-plastic transition, followed by 
significant linear hardening until failure of the material around 45% deformation (not displayed 
on the curves). On the other hand, the curves for the porous specimens display limited 
hardening past the yield point, which is most likely due to local collapse of pores within the 
material. For the highest porosity level of 35%, a slight softening can be observed just after the 
yield point. This phenomenon is associated with local damage of the material, which can be 
described as brittle crushing: localised damage from excessive plastic strain propagates through 
the porous network. Similar types of failure have been observed by Z. Liu et al. [182] with 
levels of porosity in the same range as investigated here (26% and 36%).  
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Figure 3-2. True stress-strain curves in uniaxial compression for (a) dense titanium (b) 27% porous 
titanium (Ti_30) (c) 35% porous titanium (Ti_40). For the dense material, only one representative curve 
was plotted from a set of 3 tests, since the three curves were very similar. 
4. Micromechanical modelling 
The mechanical behaviour of the porous samples was further investigated using a 
micromechanical approach. Specifically, finite elements simulations were conducted on RVEs 
of the microstructure, with boundary conditions corresponding to a given macroscopic load. 
As previous research has noted [143, 174], the simulation volume for random microstructures 
should be taken sufficiently large in order to be truly representative of the actual microstructure. 
Geometric features, such a pore shape, pore distribution, and volume fraction, should also be 
similar to the experimentally-observed features.  
4.1. Generation of random porous geometries 
Random porous geometries were generated by sequentially adding inclusions (i.e. pores) with 
random centre coordinates and given shape in a unit cube, until the targeted porosity is reached. 
The adopted algorithm is similar to previous work [174]. Inclusions were allowed to overlap, 
and periodicity was assumed. Additional constraints were introduced within this algorithm to 
ensure a minimal distance between non-overlapping inclusion surfaces and between the 
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inclusion surface and the cube edges. These conditions ensure sufficient mesh quality for 
subsequent simulations.  
The actual porosity in the model can vary slightly from the desired porosity.  Since it was not 
possible to accurately calculate the porosity within the random sequential algorithm, the actual 
density was measured afterwards within the Finite Element software ABAQUS [183] by 
summing the volumes of the integration points in the FE mesh.  The accepted discrepancy 
between the targeted porosity and the calculated one was ± 1%, and the accepted discrepancy 
between the targeted number of inclusions and the actual number of inclusions was ± 2.  
Geometries with spherical pores were generated assuming that the inclusions can take two 
possible values of diameter, with ratio of the smallest diameter (d) to largest diameter (D) given 
by the ratio of diameters of the sugar pellets in the experimental setup:  
 𝑅 = 𝐷𝑑 = 	425300 = 1.42 (3.2) 
Optical microscope observations revealed that the pores are flattened to a spheroidal shape due 
to the high compaction pressure applied during the manufacturing process (Figure 3-1). In 
order to investigate whether the pore shape can significantly affect the mechanical response of 
the material, geometries with spheroidal pores were also generated assuming that the volume 
of each spheroid is equal to the initial volume of the spherical space holder:  () 	𝜋	𝑟) = () 	𝜋	𝑎	𝑏*, 
with 𝑟 = 𝑑/2 or 𝑟 = 𝐷/2, and 𝑎 and 𝑏 the short and long axes of the oblate spheroid, 
respectively. According to the microscopy observations, the aspect ratio of the spheroid was 
set to +, = 0.72.  
4.2. Meshing and finite element simulations 
The random geometries were meshed automatically using the software Netgen [155]. The 
software creates periodic meshes that allow using periodic boundary conditions afterwards.  
Finite element simulations were conducted with the software ABAQUS [183], using C3D4 
elements (first order tetrahedral elements). Second order elements have been considered but 
these were subjected to various errors and complications in term of node ordering and element 
distortion when converting the mesh generated by Netgen in ABAQUS format. An example of 
undeformed mesh for a RVE with 30 spherical inclusions is illustrated in Figure 3-3.  
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Figure 3-3. Example of a 27% porous RVE with spheroidal inclusions. 
The behaviour of bulk titanium was described by classical von Mises plasticity theory. The 
Young’s modulus was set to the experimental value of 91 GPa, and the Poisson ratio was set 
to 0.33, which is a common value for sintered titanium [184, 185].  The hardening behaviour 
was extracted from the experimental curve for bulk titanium (Figure 3-2) and specified in 
ABAQUS. 
Periodic conditions corresponding to a given macroscopic strain tensor 𝜀$̅- are defined as 
follows:  
 𝑢$. − 𝑢$/ = 𝜀$̅-(𝑥-. − 𝑥-/) (3.3) 
where 𝜀$̅- is the macroscopic strain, 𝑥$.and 𝑥$/ are the coordinates of corresponding boundary 
nodes on either side of the RVE, and 𝑢$.and 𝑢$/ their displacements.  These boundary 
conditions insure that the volume average of the strain field in the RVE and the macroscopic 
strain coincide: 
 𝜀$̅- = 1𝑉Q𝜀$-𝑑𝑉 (3.4) 
where V is the RVE volume. The macroscopic stress tensor 𝜎S$- corresponding to a prescribed 
macroscopic strain is calculated from direct volume averaging of the microscopic stress field 
as:  
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 𝜎S$- = 1𝑉Q𝜎$-𝑑𝑉 (3.5) 
For simulating uniaxial compression tests, only the axial component of the macroscopic strain 
is known, and the other components are calculated iteratively such that the corresponding 
components of macroscopic stress vanish.  
4.3. Determination of the RVE size 
In order to define an appropriate RVE size giving a good compromise between accuracy and 
cost-effectiveness, a convergence analysis was conducted to study the influence of the 
simulation volume on the elastic modulus. (By volume size, we actually mean the number of 
inclusions, or pores, within the volume.) In the case of randomly distributed pores, different 
realisations of the same geometry (i.e. same porosity and same pore shape) should give close 
estimates of the effective mechanical properties, and these should tend to the theoretical value 
when the volume size tends to infinity, in order for the volume to be considered as a true RVE.  
Prior to this study, the mesh itself was subjected to a convergence study and the element size 
was kept small enough to ensure numerical convergence for all subsequent simulations. Eight 
number of inclusions were successively considered, taking spherical inclusions and a fixed R-
ratio (Eq. (3)). For each prescribed number of inclusions, five realisations of the random 
geometry were generated, and the effective Young’s modulus was taken as the average of the 
Young’s moduli obtained for these five realisations. Results are summarized in Table 3-3.  
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Table 3-3. Predicted Young’s modulus as a function of the inclusion number. The inclusions have a 
spherical shape. 
Averaged Porosity (%) No. of Inclusions 
Averaged Young’s 
Modulus (GPa) 
Standard Deviation on 
Young’s Modulus 
(GPa) 
27.9 3 49.71 4 
29.2 6 46.80 2.12 
29.2 12 48.66 2.64 
28.7 18 47.60 0.63 
27.6 24 49.05 1.72 
28 30 48.79 1.39 
28.2 36 49.01 0.90 
28.1 42 48.85 0.84 
 
Figure 3-4 shows the evolution of the average Young’s modulus as a function of the number 
of inclusions in the simulation volume. The standard deviation of the elastic modulus generally 
decreases as the number of inclusion increases, and the average modulus tends to a constant 
value.  While the models with three inclusions seem unusable due to a large spread in the results 
(approximately 20%), the models with 30 inclusions or more show relatively low dispersion 
(from 8% to 3%). As a comparison, Pierard et al. found that 30 inclusions was the minimum 
required for a 3D RVE in his computational study on elasto-plastic composite materials [174]. 
In this work, all the model predictions were generated using a number of inclusions above 30 
to ensure that the simulation volume can be considered as a RVE. It should be noted that all 
reported values of elastic moduli are always the average over five different model 
configurations.    
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Figure 3-4. Predicted Young’s modulus as a function of the number of inclusions in the FE simulation, 
for a targeted porosity of 27%. Averages and standard deviations were calculated based on five 
realisations of random microstructures for each number of inclusions. 
5. Numerical results and discussion 
5.1. Elastic properties 
The predicted evolution of the Young’s modulus with porosity is presented in Figure 3-5 for 
both spherical and spheroidal inclusions (solid lines), together with experimental data (black 
squares). Although the evolution of the Young’s modulus follows similar behaviour for both 
inclusion shapes, the discrepancy between the two curves is significant, and increases with the 
porosity, with 9% difference for the lowest considered porosity, and up to 23% for the highest 
considered porosity. Numerical values for the experimental values of the porosity are also 
reported in Table 3-2. The results show that the more realistic representation of pores by 
spheroids gives much better agreement with the experimental data, with predicted Young’s 
moduli respectively of 42.9 GPa for Ti_30 and 33.5 GPa Ti_40, while the experimental data 
obtained were 38.1 GPa and 33.8 GPa. This corresponds to a 12.5% difference for Ti_30, and 
to a much lower difference of 0.9% for Ti_40.  
Overestimation of elastic moduli with FE models were also observed by González and Nuno 
[186] in their FE study. These authors attributed the discrepancy to geometric irregularities in 
the material, in this case 3D printed, which are not accounted for in the FE model. Campoli et 
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al. [149] also found that FE models overestimate the experimental data and demonstrated that 
the structural irregularities can strongly influence the mechanical response of porous materials. 
In the present case of space holder manufacturing process, the irregularities can emanate from 
the sintering process itself as well as contamination of the material by undissolved spherical 
pellets.  
The uncertainty in the measured porosity levels may also be at the origin of discrepancies. At 
low porosity levels, closed pores may not be considered with the density measurement 
approach used in this work. This may explain the larger error observed for the lowest porosity 
studied here. At high porosity, the probability of closed isolated pores becomes lower, as 
discussed in ref [170], which should make the density measurement more and more accurate 
as the porosity increases. Furthermore, we have considered the pores as spheroids with a unique 
R-ratio (Eq (3.2)). While this ratio has been estimated over numerous inclusions from optical 
microscopy, it is in reality likely to differ slightly throughout the material. This heterogeneous 
distribution could potentially affect the macroscopic mechanical response. Hypothetical 
premature plasticity as well as damage in the samples could also have an impact on the overall 
behaviour of the material.  
The main drawback of the FE simulations is their computational cost. As a comparison, we 
also considered the predictions of the classical linear Mori-Tanaka model, which assumes that 
the inclusion phase (here, the pores) can be represented by a single inclusion embedded in an 
infinite matrix and subjected to the matrix average strain as far-field strain [178]. This also 
means that the Mori-Tanaka model does not account for the overlapping of the pores. 
Expressions for the Mori-Tanaka estimate for inclusions of ellipsoidal shape can be found in 
the literature [178] and are not reported here. As shown in Figure 3-5, the mean-field 
approximations (dashed lines) show large discrepancies compared to the FE reference 
predictions, with a clear overestimation of the Young’s moduli. This difference also increases 
with porosity, which confirms that mean-field approximates are only reliable at low to 
moderate porosity. (ie. up to 20% porosity) 
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Figure 3-5. Evolution of the axial Young’s modulus with porosity as predicted by the FE demo (solid 
lines) and the Mori-Tanaka model (dashed lines). The black diamond are the experimental data. 
 
 
5.2. Plastic response 
Figure 3-6 compares true stress-strain curves extracted from the FE simulations for spheroidal 
inclusions to a representative experimental one. The average and standard deviations of the 
predicted yield strength are reported in Table 3-2. A large variability in the numerical 
predictions can be observed as well as an overall underestimation of the yield points for both 
levels of porosity. It is most likely that the computational models generated for the simulations 
contain sharper geometries than those found in the experimental samples, especially in the 
overlapping areas. Indeed, the reduction in surface energy that happens during the sintering 
process might minimise the probability of sharp edges in the porous network [187]. The sharper 
geometries in the models would then induce an early plasticity from excessive stress 
concentrations. The relatively large standard deviation on the yield stress observed in the 
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response of the dense titanium, as reported in Table 3-2, could also explain the underestimated 
computational prediction. 
Unlike the numerical predictions, experimental data shows a limited hardening past the yield 
points, a phenomenon that could be explained from the lack of damage criterion as well as 
failure mode within the simulations. As previously mentioned, the brittle crushing of the 
material is characterised by successive collapsing at different locations, which is reflected in 
the plastic plateau that tends to have a limited hardening (if no hardening at all) in the 
experimental data.  
The relatively wide distribution of the predicted yield values and plastic responses suggests 
that the simulation volumes can no longer be considered as true RVEs in the plastic regime. 
While the RVE size has been chosen to ensure convergence for the elastic constants, the high 
sensitivity on the plastic strain from localised stress concentrations might require a larger RVE 
in order to reach convergence in plasticity. Previous studies have shown similar outcomes with 
large variability on the numerical simulations regarding the plastic response of porous metals 
[147, 184]. This issue might also be at the origin of the overall underestimation of the yield 
strengths for the porous samples.  
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Figure 3-6. True stress-strain curves from FE simulations on three different RVEs with spheroidal 
inclusions and corresponding representative experimental results. 
 
5.3. Local fields 
Figure 3-7 shows the micro fields of the models after compression of 5% strain. For both levels 
of porosity, clear stress concentrations can be observed. These stress concentrations are likely 
to be at the origin of the wide variation in the plastic behaviour in the FE simulations. The von 
Mises stresses are found to be well above the initial yield strength of the material for a relatively 
low strain of 5%. Thus, they induce localised plastic deformation, occurring mostly within the 
thin walls of the structures, that is, where two pores are very close to each other, a scenario that 
is most likely to happen giving the random distribution brought about by the manufacturing 
process. In addition, it is expected that the probability of thin walls within the network increases 
with the increase in porosity [147]. Highly localised plasticity is likely to result in damage of 
the material, which could explain the absence of hardening capacity observed in the 
experimental curves. Damage, however, is not taken into account in our simulations. Figure 3-
8 illustrates an example of how the effective plastic strain develops within the porous network, 
which may suggest the collapsing pattern in the network.  
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With the models developed in this study, the concentration factor shows relatively high values 
(above 2 for the Ti_40 models). Therefore, highly porous titanium (above 50%) using this 
manufacturing process may be out of reach when considering the high probability of stress 
concentration, the high concentration factor and the difficulty in manufacturing itself. Similar 
observations were made Schen et al. [147] and Maiti et al. [188] regarding these stress 
concentrations in stochastic foams. To overcome this issue, new manufacturing methods such 
as additive manufacturing have emerged in the production of porous material [149, 189], 
providing flexibility on overall shape as well as internal architectures. Even though being more 
costly, the manufactured regular structures can then provide a more homogeneous response in 
terms of stress, minimizing the probability of early failure and providing a better strength to 
weight ratio. [188] 
 
Figure 3-7. Contour plots of the von Mises stress (in MPa) at 5% strain and (a) 27% porosity (b) 35% 
porosity. The 2D slices were extracted from the 3D simulations for (c) 27% porosity and (d) 35% 
porosity. 
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Figure 3-8. Evolution of the effective plastic strain for a 35% porous RVE (compression in x direction). 
 
5.4. Anisotropic properties  
Optical images and differences in mechanical response between spherical and ellipsoidal pore 
shapes both suggest a transverse isotropy for the produced material. While the experimental 
setup only allowed us to characterize the Young’s modulus in the axial direction, the FE model 
may be used to predict the other elastic constants and quantify the level of anisotropy to be 
expected in the produced materials.  
For transverse isotropy, three loading scenarios are necessary to obtain all five independent 
elastic constants: compression along the axial direction (x-axis), compression along the 
transverse direction (y-axis) and pure shear in the xy plane. The effective elastic constants for 
RVEs with spheroidal inclusions are reported in Table 3-4. The anisotropy is quite pronounced, 
and can be quantified by the relative difference between the Young’s moduli in the axial and 
radial directions. This anisotropy ratio increases with porosity, ranging from 12% to 22% 
between the lowest (19%) and highest (43%) considered porosity levels.  
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Table 3-4. Averaged elastic constants for transverse isotropy as predicted by the FE model. 
Porosity Level Ex (GPa) Ey (GPa) vxy vyz Gxy (GPa) 
19% 55.9 63.7 0.282 0.305 22.8 
27% 42.9 53.4 0.258 0.296 18.3 
35% 33.5 41.2 0.244 0.281 14.6 
43% 24.9 31.8 0.235 0.255 11.1 
 
6. Conclusions 
Finite element simulations were used to understand and predict the mechanical behaviour of 
novel porous titanium materials produced by sintering. It was found that the spheroidal pore 
shape brought about by the manufacturing process has a significant impact on both the Young’s 
modulus and yield strength. This also leads to anisotropy in the elastic properties, and the 
degree of anisotropy (as measured by the relative difference in the axial and transverse Young’s 
moduli) can reach up to 22% for porous structures with 40% porosity. The consideration of 
oblate spheroidal pores in the FE simulations also leads to better agreement with the 
experimental data, as compared to spherical pores. As expected, the FE results also 
demonstrated better predictive capabilities than the semi-analytical Mori-Tanaka model.  
Analysis of the local fields predicted by the FE simulations also revealed high stress 
concentrations and localised plastic deformation in the thin walls of the porous structures. 
These stress and strain concentrations are likely to lead to local premature damage of the 
material, which is supported by the loss of the hardening capacity observed in the experimental 
curves. The randomly distributed pore network resulting from the manufacturing process is 
likely to present such thin walls, and the probability increases with porosity. These observations 
support the need for regular internal architectures that could minimize the stress concentrations 
and provide better strength to weight ratio.  
In conclusion, the adopted modelling approach showed good potential for predicting the 
stiffness of porous titanium under compressive loading, a major property for biomedical 
applications. It also emphasised the importance of having better control on the pore shape and 
pore distribution during the manufacturing process, as these can easily lead to anisotropic 
properties and stress concentrations. 
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Chapter IV. Manufacturability and compressive 
properties of Ti-6Al-4V TPMS  
As pointed out in the previous chapter, a proper control over the porous network features (ie. 
pore size, shape and distribution) is essential in the development of durable metallic 
biomaterials. In Chapter II, the advantages of using additive manufacturing and in particular 
SLM were presented. The following chapter investigates the manufacturability and mechanical 
properties of Ti-6Al-4V lattices based on a Schwartz primitive unit-cell, which is part of the 
triply periodic minimal surfaces. Three different levels of porosity are studied and compared 
to conventional stochastic materials. 
The authors of this publication contributed as follows:   
Contributor Designed study Data collection 
and analysis 
Wrote/edited 
the paper 
Nicolas Soro 70% 80% 75% 
Hooyar Attar 20% 20 15% 
Xinhua Wu -- -- 5% 
Matthew S. Dargusch 10% -- 5% 
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Abstract 
Additively manufactured porous metallic structures have recently received great attention for 
use in hard tissue applications. In particular, periodic regular porous networks are found to be 
very promising in terms of mechanical performance and compatibility with the host tissue. This 
work investigates for the first time three different types of porous Ti-6Al-4V structures 
manufactured using SLM using a solid network based on a Schwartz primitive unit-cell. Both 
internal features and microstructure of the SLM-produced samples were investigated. A good 
consistency in both strut size and pore size was observed between the produced structures. The 
results of uniaxial compression testing were compared with results calculated using the finite 
element method (FEM) modelling. The results of mechanical testing for the 64% porous 
samples match the properties of cortical bone, with a stiffness of 22.3 GPa and a yield strength 
of 160 MPa. A minimal pore size of 596 µm was achieved, which is within the recommended 
suitable range for bio-integration. A comparison between the numerical models and the 
experimental results suggest that the geometrical inaccuracy caused by powder adhesion has 
an insignificant impact on the static mechanical properties.  
Keywords: Additive manufacturing; Porous titanium; Triply Periodic Minimal Surfaces; 
Biomedical application 
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1. Introduction 
In parallel with the development of new β-type titanium alloys [164, 190], porous networks are 
another viable alternative to reduce the stiffness of titanium alloys [69, 167]. In biomedical 
applications specifically, matching the stiffness to the host tissue is crucial to prevent implant 
loosening from bone resorption (i.e. stress shielding effect) [7]. Open porous networks are also 
beneficial for cell attachment and integration with the tissue. [169]  
Due to their outstanding dimensional accuracy and high levels of design flexibility, additive 
manufacturing techniques play an important role in the optimization of the porous architectures 
in terms of the mechanical properties and osseointegration, enabling the production of 
complex-shaped samples suitable for biomedical purposes. Most conventional porous implants 
are made of stochastic geometries [15, 91, 170]. However, new generations of porous metallic 
implants with periodic regular structures have shown promising results for use in biomedical 
applications. [191, 192] Among these, the TPMS approach exhibited a unique set of properties. 
In recent work, Bobbert et al. [69] have reported that these geometries can produce very low 
stiffness for relatively high strength. The permeability of these TPMS was also found to be 
comparable to those of trabecular bones, which was considered favorable for bio-integration.  
Compared to other TPMS approaches, the Schwartz primitive unit-cell was shown to have the 
largest fluid permeability [193], making it ideal in term of osseointegration. Rajagopalan et al. 
[194] investigated the affinity of a Schwartz primitive unit-cell with living tissue and suggested 
it as an optimal biomorphic tissue analog. In term of mechanical performance, Shin et al. [195] 
investigated the quasistatic loading of a Schwartz primitive unit-cell through a numerical study 
and compared the state stress of the structure with more conventional geometries such as  a 
periodic cubic structure and a periodic cylindrical structure. Results showed that the Schwartz 
primitive structure with a constant mean curvature exhibited a more homogeneous and stable 
Von Mises stress distribution. Moreover, the maximum stress in the cell was reduced 
significantly compared to the periodic cubic structure. Although these results were promising, 
no experimental verifications have been conducted to date. While being reported as an ideal 
platform for tissue engineering, the application of biomedical materials with this structure and 
an appropriate pore size (i.e. 100 μm-700 μm) are lacking from the literature, as the mechanical 
properties of the Schwartz primitive as a network solid have only been considered through 
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numerical studies. Additionally, additive manufacturing of porous structures using novel 
models needs an appropriate set of processing conditions to produce defect-free samples.  
Therefore, the objectives of the current study are to investigate (1) the manufacturability of 
porous Ti-6Al-4V samples with the Schwartz primitive unit-cell, (2) evaluate the mechanical 
performance of the architectures with experimental testing and (3) the effect of potential 
manufacturing irregularities brought about by the additive manufacturing of the SLM process 
through numerical modelling. To our best knowledge, studies presenting the Schwartz unit-cell 
for biomedical investigation of titanium alloys are very limited  [69]. In a recent study [3], the 
authors focused on comparing four different TPMS as well as four different levels of porosity. 
The produced specimens were based on a sheet solid approach with a constant thickness 
through the walls of the structures. In contrast, our work investigates the structures produced 
on the basis of a network solid. The difference between a sheet solid and network solid for a 
Schwartz primitive is illustrated in Figure 4-1: the sheet solid geometry could be described as 
a thin wall with constant thickness that follows the model’s equation (4.1), while the network 
solid has its outer surface delimited by this same equation (4.1). Due to the larger struts in the 
geometry of the network solid used, this unit-cell is expected to cause less difficulty in term of 
manufacturing over the sheet solid. Additionally, the smallest size for the pores was reported 
to be 722 µm in the previous study [69], a value that falls in the upper limit of the recommend 
range for bone tissue engineering [16]. The current investigation differs from the study of 
Bobbert’s et al [69], with as-built specimens, without post treatment, selected for the 
investigation. Three levels of porosity, with pores as small as 250 µm were designed and 
evaluated using uniaxial compressive testing. The finite element method (FEM) and 
reconstructed micro-computed tomography (µCT) models were used to investigate the 
influence of manufacturing irregularities.  
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Figure 4-1. Comparison between Schwartz primitive pores reported in the literature: (a) sheet solid  
[69] and (b) network solid used in our work. More information can be found in ref. [84]. 
2. Materials and experimental method 
2.1. CAD modelling 
Three porous CAD models were generated using the network solid of the Schwartz primitive 
unit-cell (illustrated in Figure 4-2-b) in PTC Creo Parametric 3.0. CAD models were then 
converted to stereolithography (.stl) format for manufacturing. The outer surface of a Schwartz 
primitive can be approximated by [195]:  
 𝑓(𝑥, 𝑦, 𝑧) = cos(2𝜋𝑥) + cos(2𝜋𝑦) + cos(2𝜋𝑧) (4.1) 
  
While the model could be generated from an equation-based modeler, we have opted for a more 
conventional method: a single unit-cell was first generated and repeated in three dimensions in 
order to obtain full-size cylinders. The modelling approach is illustrated in Figure 4-2 and the 
corresponding dimensions are presented in Table 4-1. Manufacturing limitations as well as 
recommended pore size for hard tissue engineering applications were decisive factors in the 
choice of the configurations. Metallic scaffolds usually have levels of porosity ranging from 
20% to 80% in the literature [69, 94, 170].  
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Figure 4-2. CAD modelling approach of the porous structure: (a) Triply periodic cylinder, (b) Schwartz 
primitive, (c) strut and pores configuration and (d) cylinder sample configuration. 
 
Table 4-1. CAD models configurations for porous Ti-6Al-4V samples. T_D indicates the dense Ti-6Al-
4V sample. The naming of the samples relies on their targeted levels of porosity.  
Sample 
Ref. 
Level of 
Porosity D1 (µm) D2 (µm) h (mm) Ø (mm) 
Number of 
cells 
T_D 0% -- -- 12 6 -- 
T_25 25% 750 250 12 6 6×6×12 
T_42 42% 600 400 12 6 6×6×12 
T_64 64% 500 700 12 6 5×5×10 
 
 
 
 
Chapter IV. Manufacturability and compressive properties of Ti-6Al-4V TPMS 
89 
 
2.2. The selective laser melting (SLM) process 
The Ti-6Al-4V samples were manufactured using a Concept Laser Mlab Cusing using SLM 
with the parameters presented in Table 4-2 through a checkerboard scanning strategy. 
Table 4-2. SLM processing parameters used for the fabrication of the Ti-6Al-4V samples.  
Parameter Value 
Laser power (P) 95 W 
Layer thickness (t) 0.03 mm 
Hatch distance (h) 0.1 mm 
Scanning speed (v) 950 mm/s 
 
2.3. Density measurement and microstructural characterization 
Densities of the SLM-produced samples were measured with the dry weighting method (i.e. 
accurate measuring of the weight and the volume). The weight of the dense sample was 
considered as the reference and the relative density of each porous sample was measured by: 
 ⍴ = Wporous / Wdense   (4.2) 	  
To study the microstructure, the SLM-produced dense samples were sectioned, then ground 
and polished using standard metallographic procedures. Afterwards, they were etched using a 
solution containing 10% HF, 5% HNO3 and 85% distilled water (volume fractions) and 
investigated using a Polyvar Met optical microscope. Micro-computed tomography (µCT) was 
also conducted in order to observe the quality of the produced samples. The specimens were 
scanned with a resolution of 17 µm and reconstructed numerically with Fiji software [196]. 
Struts and pores sizes were directly measured with measuring tool specific software. The 
reported values were averaged over ten measurements at different locations within the samples. 
The external plugin BoneJ [197] was used to export the reconstructed models as an .stl file, 
which was an appropriate format to work further on  numerical analysis [198].  
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2.4. Mechanical testing 
Mechanical properties of the specimens were examined through uniaxial compression tests 
using an Instron 5584 device equipped with a video extensometer. Compression testing was 
performed using a fixed cross-head speed of 0.001 mm/s at room temperature according to the 
standard DIN 50106. Four samples for each structure were used for compression. The direction 
of the compression was parallel to the SLM building direction.  
2.5. Numerical modelling and influence of irregularities 
Irregularities due to the overhanging phenomenon resulting from the SLM process (Figure 4-
4) were further investigated in terms of mechanical properties. It was assumed that this type of 
macroscopic irregularities can cause a transverse mechanical anisotropy in these structures, as 
previously reported [15]. In this regard, the finite element method (FEM) was used with 
ABAQUS [154] solver.  
Firstly, three designed unit-cells were investigated under uniaxial compression. The results 
obtained have been used as a reference for the experimental testing. A single reconstructed 
unit-cell was extracted from the μCT scans of the 64% porous sample and converted into a 
solid model (STEP file) for use in the FEM package [198]. The model with a porosity level of 
64% was selected as it was assumed that the overhang would have a higher impact in a material 
with lower density. In addition, the excess material – further discussed in the results section – 
was considered as fully melted, and thus having the same mechanical properties as the initial 
designed material. This simplification would increase the potential mechanical anisotropy as 
the excess material  in reality is mostly made of un-melted powder [199].  
The material was described as an elasto-plastic material (Von Mises theory) and the input 
material’s properties were extracted from the stress-strain curves obtained from uniaxial 
compression of the dense material. Second order tetrahedral elements (C3D10) were used. The 
model retained was composed of 480257 elements with an average element size of 29µm. The 
element size was carefully chosen after making sure that convergence was reached in the output 
fields while maintaining a reasonable calculation time of approximately 278 minutes (computer 
specifications: Intel® Core™ i7-6700, CPU @ 3.4Ghz, RAM 16Gb). A displacement that 
corresponds to 5% strain of the unit-cell was applied to one of the surfaces, while the opposite 
surface was fixed in both rotational and translational degrees of freedom.  
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3. Results and discussion 
3.1. Macrostructural observations 
Figure 4-3 shows four different samples produced with the SLM process. The actual densities 
of the specimens are reported in Table 4-3. Good reproducibility in terms of weight, actual strut 
and pore diameters is evident within the corresponding SLM-produced samples. However,  
significant differences in density compared to the initial CAD models were observed. The 
discrepancy in the actual density of the material increases as the density increases. The maximal 
difference of  around  50% was observed in the lowest porosity level T_25 similar to the other 
studies which have reported differences in porosity levels between the CAD models and the 
produced samples [69, 112, 199]. As commonly known, these are caused by loose powders 
trapped within the internal pores as well as the adhesion of not fully melted powder particles 
on the outer surfaces. In addition, it can be expected that the smaller the pores are, the more 
loose particles would be trapped within the structure. The overhanging – further discussed in 
this work – also plays an important role on these observed inaccuracies [69]. 
 
Figure 4-3. Macrograph of the as-built Ti-6Al-4V samples produced by SLM. 
Figure 4-4 along with the struts and pores sizes presented in the Table 4-3 give further insights 
into the geometric features of the produced samples. As also observed in the parts produced 
before by the SLM [199, 200], the actual struts sizes are found to be larger than the target 
designs. As a result, the pores are systematically smaller than those on the original CAD 
models. The powder adhesion – at the origin of this phenomenon – can clearly be observed in 
the Figure 4-4-c and Figure 4-4-f. This excess material, here represented in red colour, is 
responsible for the inaccuracy in density and struts sizes previously introduced. Specifically, 
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Figure 4-4-f illustrates the relatively important overhanging areas. As discussed in the review 
from Wang et al. [167], this is a common phenomenon caused by the lack of support in the 
substrate. The overhanging is primarily affected by the laser energy density of the SLM 
machine [69]. Similarly, overhanging zones were also observed on the two other types of 
specimens (i.e. T_25 and T_42). A dedicated investigation has been conducted in this regard 
and is further discussed in the section 3.5.   
Primarily, additive manufacturing techniques are advantageous to give near final parts 
requiring minimal post treatments. In order to obtain more accurate geometries that would 
match the initial CAD models, chemical polishing can be conducted. Wysocki [112] et al. have 
shown that this type of post treatment can lead to significant mass loss, with a better match to 
the designed porosity levels. However, such treatment will not alleviate the overhang issue, as 
chemical polishing will uniformly remove excess material. In other words, removing the 
overhanging areas would ultimately lead to damaging the solid struts and compromising the 
structural integrity of the material. Likewise, Chen et al. [192] pointed out another factor that 
could influence the difference in density: the roughness of the surfaces. The initial calculated 
porosity levels from the CAD models assume that the surface roughness is non-existent 
(perfectly smooth). In fact, the actual surface roughness resulting from the manufacturing is 
most likely to have an impact on the measured density.  
Table 4-3. Density measurements and geometric parameters for the porous specimens. D1 and D2 were 
introduced in Figure 4-2.   
Material  
Porosity 
Strut Diameter (µm) 
D1 
Pore Diameter (µm) 
D2 
Weight (g) ± SD Actual Designed Actual ± SD Designed Actual ± SD Designed 
T_D 1.387 ± 5.8E-4 - - - - - - 
T_25 1.225 ± 1.58E-3 0.12 0.25 768 ± 23 750 138 ± 14 250 
T_42 0.989 ± 5.8E-4 0.29 0.42 635 ± 14 600 282 ± 17 400 
T_64 0.683 ± 2.5E-3 0.51 0.64 552 ± 29 500 596 ± 21 700 
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Figure 4-4. Comparison between reconstructed T_64 from µCT and CAD models. (a) cross-section of 
reconstructed µCT (b) cross-section of CAD model (c) single unit-cell CAD/µCT comparison cross-
section (d) model longitudinal section of µCT (e) longitudinal section of CAD model (f) single unit-
cell CAD/µCT comparison longitudinal section. A clear overhang can be observed in the longitudinal 
section.  
3.2. Microstructural observations 
 
Figure 4-5. Optical microstructural images of the dense Ti-6Al-4V alloy: (a) Checkerboard 
manufacturing pattern used for processing and (b) Acicular martensitic (αʹ) phase observed across the 
sample. 
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Optical microstructural images of SLM-produced dense Ti-6Al-4V alloy are shown in Figure 
4-5. Checkerboard patterns are visible, and it is also observed that microstructure of Ti-6Al-
4V contains the acicular martensitic (α′) phase due to the high cooling rate during SLM (the 
heating/cooling rates in the SLM process are very high, i.e. 103–108 K/s). As reported before 
[201], energy density (E) is an important factor which has a significant influence on the 
microstructural features. Energy density supplied by the SLM processing parameters was 
calculated using the equation reported before [202]. The energy density obtained is nearly 33 
J/mm3, which is induced by a high scanning speed but relatively low laser power.   
Therefore, it is expected that heating time was very short during the SLM process and the 
previously processed layers did not accumulate significant heat, leading to the formation of α′ 
phase, similar to what was reported before for SLM of commercially pure titanium [203].   
 
3.3. Mechanical properties 
The stress-strain curves from uniaxial compression testing are presented in Figure 4-6. The 
resulting mechanical properties are summarized in Table 4-4. A significant drop from 108 GPa 
to 58 GPa between the dense and the 25% porous samples is observed. A reduced Young’s 
modulus of 22 GPa was achieved for the 64% porous specimens – a value that fell well in the 
range of the stiffness of cortical bone (1-30 GPa). This represents a decrease of 80% from the 
dense Ti-6Al-4V. Beside the stiffness reduction, the results point out two additional findings: 
a similar drop in the yield strength of the material as well as overall increase in ductility – 
except for the 64% porous samples. The drop in yield strengths follows a similar trend to that 
of the elastic moduli. Although the strength of the material decreases, the measured yield 
stresses remain above the typical bone strength of bone (25 MPa to 141 MPa [204-206]) with 
a minimum of 160 MPa for T_64. As reported in Table 4-4, other studies have achieved lower 
stiffness with higher levels of porosity. However, these particular structures do not meet the 
strength criteria required for load-bearing applications (yield strength as low as 6.5 MPa for 
gyroids architecture [77]). Overall, the resulting mechanical properties of the 64% structures 
presented in this work were found to be promising for use in hard tissue scaffolds, as they 
match those of cortical bones quite well.   
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Figure 4-6. True compression stress-strain curves for Ti-6Al-4V samples: (a) Dense (b) 25% porosity 
(c) 42% porosity and (d) 64% porosity. Only one representative curve for each type of specimen is 
plotted, as all four curves show good consistency. 
The numerical models from the finite element method have shown interesting outcomes. These 
suggest that the excess material (i.e. discrepancy in density from designed CAD models to the 
actual samples) does not influence the mechanical behaviour. Indeed, if the actual porosity is 
adjusted to the initially designed values, a good match in the mechanical properties can be 
obtained, as illustrated in Figure 4-7. For instance, stiffness values for T_25, T_42 and T_64 
were measured to be 58 GPa, 44 GPa and 22.3 GPa experimentally, while the numerical results 
are 62.7 GPa, 42.2 GPa and 21.6 GPa respectively. Likewise, the yield strengths measured 
experimentally match well the ones provided by the numerical models, with a minimum 
difference of 5 MPa for T_64. These findings not only confirm that the excess material does 
not influence the mechanical behaviour but also validate our numerical models for further 
studies.  
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Table 4-4. Young’s moduli and yield strengths obtained with different methods. Sch P refers to 
Schwartz primitive and BCC to body-centered cubic. 
Method Material Geometry 
type 
Porosity Young’s 
Modulus 
(GPa) 
Yield 
Strength at 
0.2% (MPa) 
Reference 
   Actual Designed E ± sd σ0.2  ± sd  
Exp. Ti-6Al-4V 
Ti-6Al-4V 
Ti-6Al-4V 
Ti-6Al-4V 
Sch P. 
Sch P. 
Sch P. 
Sch P. 
 
0  
0.12 
0.29 
0.51 
0 
0.25 
0.42 
0.64 
108 ± 6.6 
58 ± 3.0 
44 ± 0.8 
22.3 ± 2.3 
978 ± 3.5 
520 ± 32.1 
325 ± 21.8 
160 ± 12.6 
[This work] 
FEM  Ti-6Al-4V 
Ti-6Al-4V 
Ti-6Al-4V 
Sch P. 
Sch P. 
Sch P. 
-- 
-- 
-- 
0.25 
0.42 
0.64 
62.7 
42.2 
21.6 
457 
318 
155 
        
Exp. Ti-6Al-4V 
Ti-6Al-4V 
Ti-6Al-4V 
Ti-6Al-4V 
Trabecular Bone 
Cortical Bone 
BCC 
BCC 
BCC 
Gyroids 
-- 
-- 
71.45 
51.11 
31.86 
80 
-- 
-- 
 
82 
64 
44 
80 
-- 
-- 
1.6 
4.6 
9.0 
0.13  
̴1 
̴18 
53 
192 
392 
6.5 
̴25 
̴141 
[199] 
[199] 
[199] 
[77] 
[204] 
[205, 206] 
FEM Ti-6Al-4V Cubic 
Spherical 
-- 
-- 
0.5 
0.5 
34.4 
40.4 
23.2 
37.3 
[207] 
[207] 
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Figure 4-7. True compression stress-strain curves from both experimental data and computational 
models (with the targeted levels of porosity): (a) 25% porosity, (b) 42% porosity and (c) 64% porosity. 
The evolution of the main mechanical properties (i.e. Young’s modulus, yield strength, 
ultimate strength and ultimate strain) is summarized in the histograms in Figure 4-8. Except 
for the ultimate strain, the increase in level of porosity in the material resulted in a similar trend. 
Upon compression testing, SLM-produced 25% and 42% porous samples broke into two 
pieces, whereas the 64% porous sample did not split into smaller pieces as internal struts failed 
at earlier stages of compressive deformation compared to other porous samples (Figure 4-9) 
and the internal fracture caused an immediate stop on further advancement of the stress-strain 
curve for the 64% porous sample. As seen in Figure 4-9, the fracture surface of the solid Ti-
6Al-4V sample is composed of rough and smooth shear zones across the sample. The SEM 
fracture surface of the 25% porous sample indicates that porous areas had a key role in failure 
of the sample. As also reported before [173], compressive strain deformation is more 
accommodated by the porosity compared to the grains during loading. This leads to 
compression of the pores; however, these compressed pores can act as localized stress 
concentration areas upon further deformation strain and, consequently, contribute to the final 
fracture of the sample.  
As Ti-6Al-4V is generally less ductile than commercially pure Ti (CP-Ti), porous areas may 
influence critically the deformation of porous Ti-6Al-4V. Nonetheless, the compression 
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deformation observed for porous Ti-6Al-4V samples are significant and this indicates that 
porous samples in our study have been designed and fabricated appropriately.         
 
Figure 4-8. Evolution of Young's modulus, yield strength, ultimate strength and ultimate strain for the 
different levels of porosity studied. The 100% horizontal line represents the corresponding properties 
for the dense Ti-6Al-4V material. 
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Figure 4-9. (a) Macrograph showing the failure modes for the porous samples and SEM images of the 
fracture surfaces of (b) dense and (c) 25% porous Ti-6Al-4V samples. 
3.4. Influence of manufacturing irregularities 
As the samples were only tested in one direction (compression parallel to the building 
direction), it was decided to investigate the potential effect of the observed overhanging 
material (i.e. Figure 4-4-f) on mechanical properties. In this regard, two compressive loading 
scenarios were considered within the FEM solver from ABAQUS [154]: one parallel to the 
building direction and the second one perpendicular to the build direction. As clearly illustrated 
on the stress-strain curves from Figure 4-11, the two loading scenarios gave very similar 
results, with the only noticeable difference being in the initiation of yielding. It can be assumed 
that the relatively sharp edges created from the overhanging zones would introduce an earlier 
yielding of the material. However, the excess material – more present in the perpendicular 
plane – seems to compensate for this phenomenon as the actual yield point in the perpendicular 
loading is observed higher than the one from the parallel loading. The stress concentrations, 
visible in Figure 4-10,  mainly appear in the perpendicular loading scenario, near the 
overhanging areas. The maximum stresses in both models were similar (2118 MPa for the 
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compression in z and 1859 MPa for compression in y), which confirms the similarity in the 
mechanical responses in the two loading directions. As mentioned before, the excess material 
was assumed to be fully dense Ti-6Al-4V, with the whole unit-cell being composed of the same 
material. This would, in theory, increase the effect of the overhanging areas.  This excess 
material has in reality much weaker mechanical properties as it is made of partially melted 
powder. So, it can be concluded that the influence of this particular type of irregularity is 
negligible for the produced samples. A more realistic model could consider the two different 
phases (i.e. different material properties). However, the characterization of this excess material 
phase is challenging as it is a mixture of partially melted particles and adhering “semi loose” 
particles on the external surfaces. These findings point out that there is no transverse anisotropy 
induced by the resulting irregular geometry. Thus, any potential anisotropy in the final material 
would be resulting from the anisotropic microstructure produced by the SLM process [208]. 
 
Figure 4-10. Von Mises stresses for the FEM simulations at 5% strain. The SLM building direction is 
(z). 
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Figure 4-11. Stress-strain curves obtained from FEM simulation of uniaxial compressive loadings on 
the T_64 reconstructed µCT. 
 
4. Conclusions 
In this study, three types of porous Ti-6Al-4V samples were fabricated by SLM using the 
Schwartz primitive pore geometry. This type of structure was found to be reproducible with 
the SLM process, showing little weight and density variations in the built specimens. The 
mechanical properties of the samples were within the acceptable ranges for hard tissue 
applications, showing a Young’s modulus of 22.3 GPa, a yield strength of 160 MPa and a pore 
size of 596 µm. In addition, deformation strains accommodated by all samples were significant, 
indicating that the SLM processing conditions as well as the CAD models were appropriate. 
Macrostructural observations gave some insights into the internal aspects of the as-built 
structures. The results from the numerical models revealed that the irregularities caused by the 
manufacturing process have a negligible influence on the mechanical properties and integrity 
associated with uniaxial quasistatic compression.  
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Chapter V. Ti-Ta alloy as an alternative to Ti-6Al-
4V 
As introduced in Chapter I and II of this thesis, some metallic alloying elements have raised 
concerns regarding their toxicity when releasing ions in the body. In fact, for the industry 
standard Ti-6Al-4V material, studied in Chapter IV, both aluminium and vanadium have been 
found to be cytotoxic to some extent. Although the Ti-6Al-4V alloy is still being used and will 
be for the years to come, it is important to consider alternative materials that could be used in 
similar applications. Tantalum (Ta), which presents excellent biocompatibility and corrosion 
resistance, is explored within a titanium-tantalum alloy in the following chapter. As using 
powder blends for SLM feedstock may be challenging, in-depth macrostructural and 
microstructural investigations are conducted, and the mechanical properties of the lattices are 
reported against the industry standard Ti-6Al-4V.  
The authors of this publication contributed as follows:   
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the paper 
Nicolas Soro 70% 70% 75% 
Hooyar Attar 10% 10% 5% 
Erin Brodie 10% 10% 5% 
Martin Veidt -- -- 5% 
Andrey Molotnikov -- -- 5% 
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Evaluation of the mechanical compatibility of additively manufactured 
porous Ti-25Ta alloy for load-bearing implant applications 
Nicolas Soro a*, Hooyar Attar a, Erin Brodie b, Martin Veidt  a, Andrey Molotnikov b, 
Matthew S. Dargusch a* 
Abstract 
Integrating porous networks in load-bearing implants is essential in order to 
improve mechanical compatibility with the host tissue. Additive manufacturing has enabled 
the optimization of the mechanical properties of metallic biomaterials, notably with the use of 
novel periodic regular geometries as porous structures. In this work, we successfully produced 
solid and lattice structures made of Ti-25Ta alloy with SLM using a Schwartz primitive unit-
cell for the first time. The manufacturability and repeatability of the process was assessed 
through macrostructural and microstructural observations along with compressive testing. The 
mechanical properties are found to be suitable for bone replacement applications, 
showing significantly reduced elastic moduli, ranging from 14-36 GPa depending on the level 
of porosity. Compared to the conventionally used biomedical Ti-6Al-4V alloy, the Ti-Ta alloy 
offers superior mechanical compatibility for the targeted applications with lower elastic 
modulus, similar strength and higher ductility, making the Ti-25Ta alloy a promising candidate 
for a new generation of load-bearing implants.   
Keywords: Tantalum; Titanium; Selective laser melting; Implants; Biomedical 
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1. Introduction 
Among titanium alloys, the Ti-6Al-4V is widely used for load-bearing implant applications, 
due to its good corrosion resistance and high strength to weight ratio [24, 209]. Even though it 
is extensively accepted as a standard in the industry, recent studies have raised serious concerns 
regarding the potential toxicity of aluminium (Al) and vanadium (V) ions in the body [4, 210, 
211]. Over recent last decades, attempts at replacing these toxic elements have included 
alloying Niobium (Nb), Zirconium (Zr), or Tantalum (Ta) [16, 212, 213]. Positive outcomes 
have been reported with these materials in comparison to Ti-6Al-4V, which has driven efforts 
in the development of new biocompatible metals with alternative alloying elements.  
Dense Ti-6Al-4V is too stiff to substitute for bone: a mismatch in Young’s moduli can cause a 
redistribution of loads around the implant, which will ultimately lead to implant loosening (ie. 
stress-shielding effect [7]). An efficient way of reducing metallic implant stiffness is by 
introducing highly porous networks, improving the “biomechanical compatibility” with bone 
[214]. In addition, pores provide a suitable environment for bone ingrowth and enhance implant 
integration. This integration within the living tissue (ie. osseo-integration) can be correlated 
with the implant’s morphological properties – such as pore size or pore shape [215] – and with 
inherent material properties – such as cellular reactions [216].  
A wide range of manufacturing techniques can be used to produce porous metals, however, 
conventional methods, such as gas foaming [217] or powder metallurgy [15, 170] have 
limitations in design flexibility and control of geometry. Additive manufacturing has emerged 
as an alternative fabrication technique offering the possibility to design more complex, 
optimized porous networks [76, 167] and an increased diversity in material selection [218, 
219]. SLM, a laser powder bed fusion process, has facilitated the design of porous networks 
with an appropriate pore size for bone tissue applications (100µm-700µm) [77, 220] whilst, the 
flexibility of SLM feedstock (ie. base metal powder) has led to investigation of new powder 
mixtures that are difficult to process with other technologies [201].  
TPMS have recently received great interest as base geometries for the design of porous 
networks [69, 84, 221]. In contrast to more conventional designs (cubic, BCC, dodecahedron), 
these structures have no discontinuity along their outer surface, which significantly alleviates 
local stress concentrators and thus, offer a better strength to weight ratio [69]. Among TPMS, 
the Schwartz primitive unit-cell has the highest permeability: a major property for good bio-
integration [193].   
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Tantalum is a promising alloying addition to pure titanium for biomedical applications. Its 
excellent biocompatibility has made it a good candidate for biomedical purposes [30], however, 
its high cost and difficulty to be machined have limited its applications to surface coatings [31]. 
Mixing tantalum powder with titanium is an efficient way of reducing the cost of the material 
and improving the flowability of the powder mixture, when typical irregular tantalum powders 
are used [32, 33]. In addition, tantalum can act as a β stabiliser for titanium, which is beneficial 
for biomedical purposes (ie. low modulus and high strength) [27, 222]. Compared to 
commercially pure titanium (cp-Ti), titanium-tantalum (Ti-Ta) alloys have a lower elastic 
modulus, higher relative strength (for similar stiffness), enhanced corrosion resistance and 
excellent biocompatibility, according to Zhou et al. [34].  
Limited literature is available on Ti-Ta alloys manufactured with SLM.  Sing et al. [32, 33, 35] 
have reported the effect of SLM parameters on part quality and mechanical properties for a 
dense Ti-50Ta alloy (50 wt.% of each element). Despite difficulties in fully melting the 
tantalum particles, they reported high densification and good mechanical properties compared 
to cp-Ti and Ti-6Al-4V parts, with dimensional accuracy and mechanical properties affected 
by printing parameter control (eg. laser power and scanning speed).  
Selectively laser melting of pure tantalum has also been investigated and highly porous 
tantalum implants have been produced [36]. Both mechanical properties and the in vivo 
response in a rat femur model were investigated, confirming the excellent mechanical response 
and biocompatibility of tantalum. However, using pure tantalum is considered as an expensive 
option, especially when applied to human-size implants.   
In this study, we experimentally investigated the manufacturability and mechanical properties 
of regular periodic lattice structures made of a Ti-25Ta powder mixture. The selected 
composition uses a lower tantalum concentration (25 wt.%), not only reducing the weight and 
cost of the future implants but also lowering the intrinsic elastic modulus. We produced three 
different types of specimen, with different levels of porosity, namely 25%, 42% and 64%. 
Macroscopic and microscopic observations gave insights into the manufacturability of this new 
material with the selective laser melting process. The mechanical properties are reported for 
the first time, and compared to those of Ti-6Al-4V with an identical geometry. The results are 
discussed in the context of load-bearing biomedical applications, which requires low elastic 
modulus and sufficient strength. 
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2. Material and experimental methods 
2.1. Powder morphology and preparation 
The Ti-25Ta powder used for producing the samples in this study was a mixture of 75 wt.% 
commercially pure titanium (Ti) and 25 wt.% tantalum (Ta). Scanning electron microscopy 
(SEM) images of both base powders are presented in Figure 5-1. The particles for both metals 
are shown to be spherical in shape. Additional powder characteristics are provided in Table 5-
1. Scanning electron microscopy (SEM) was used to observe the powder particles of Ti, Ta and 
Ti-25Ta mixture. The Ti-25Ta powder was tumble mixed for 12hrs at 15rpm.  
Table 5-1. Powder properties provided by the manufacturers. 
 Titanium (Ti) Tantalum (Ta) 
Provider TLS Technik Tekna 
Production Technique Argon atomization Plasma spheroidization 
Particle shape Spherical Spherical 
Particles size < 10% above 39.37 µm 
> 90% below 39.37 µm 
< 3% above 45 µm 
> 97% below 45 µm 
 
 
Figure 5-1. SEM powder morphology of the titanium and tantalum powders used for SLM 
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2.2. Geometry 
The geometry of the scaffolds was based on a Schwartz primitive unit-cell and three distinct 
levels of porosity were considered for this work: 25%, 42% and 64%. We used this same 
Schwartz primitive geometry in a previous publication [223] and the positive results obtained 
with Ti-6Al-4V have motivated our choice. In our previous work, we reported that the Ti-6Al-
4V scaffolds were suitable for manufacturing with SLM and had adequate mechanical 
properties for bone replacement applications. The possibilities of comparing the mechanical 
properties from an identical geometry (ie. same CAD models input) with a different material 
was another decisive factor motivating this work. Figure 5-2 and Table 5-2 present the 
configuration of the designed structures. More details regarding the design protocol can be 
found in the original publication [223].  
 
Figure 5-2. Schwartz primitive unit-cells used for the scaffolds’ models. (a) 25% porosity (b) 42% 
porosity and (c) 64% porosity.  
Table 5-2. Configurations of the designed samples. 
Sample Ref. Level of Porosity Struts size (µm) Pores size (µm) 
Ti-25Ta (D) 0% -- -- 
Ti-25Ta (25) 25% 750 250 
Ti-25Ta (42) 42% 600 400 
Ti-25Ta (64) 64% 500 700 
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2.3. Selective laser melting (SLM) process  
The Ti-25Ta samples were manufactured by SLM on a Concept Laser MLab Cusing machine. 
The processing parameters presented in Table 5-3 were used and the layers were scanned using 
a continuous laser mode according to a zigzag pattern, which was alternated 90° between each 
layer. The parameter optimization study was performed in [224] and a fully dense material was 
obtained through laser power and scanning speed optimization. Further details can be obtained 
in the aforementioned work. 
Table 5-3. Selective laser melting parameters used for the manufacturing of the samples. 
Laser power (P) 95 W 
Layer thickness (t) 0.025 mm  
Hatch distance (h) 0.035 mm 
Scanning speed (v) 300 mm/s 
 
2.4. Density measurements and non-destructive characterization 
The Archimedes method was used to obtain the density of the dense as-built specimens: 
 𝜌!"#$%&'" =	 𝜌$()*#+%"𝜌%,"*!"%&-$# (5.1) 
where ρtheoretical = 5.50392g/cm3. Note that this value is only true for a composition of 75% 
titanium and 25% tantalum. In reality, we used the actual theoretical density based on the 
composition measurements (see section 3.2). 
In order to compare the porosity level of the designed CAD models with those of the as-built 
porous samples, we used the dry weight method assuming that the bulk material within the 
struts of the lattices had the same density as that of dense samples.  
 𝑝 = 1 − 𝑊0𝑊1 (5.2) 
where p is the porosity level, Wp is the weight of the porous sample and Wd is the weight of the 
dense samples.  
The microstructure of the SLM-produced Ti-Ta samples was studied by sectioning the samples 
in transverse direction, then grounding and polishing them, using standard metallographic 
Chapter V. Ti-Ta alloy as an alternative to Ti-6Al-4V 
109 
 
procedures. Finally, the samples were etched using a solution containing 10% HF, 5% HNO3 
and 85% distilled water (volume fractions) to reveal the microstructure and investigated using 
a Hitachi TM3030 scanning electron microscope (SEM). Energy dispersive X-Ray (EDS) was 
used to determine the actual composition within the material.  
2.5. Mechanical testing 
Compressive mechanical testing as per the ASTM E9 standards was carried out on the samples 
using an Instron machine at a fixed cross-head speed of 0.001 mm/s. Prior to testing, the 
samples were machined down to 10.3 mm (± 0.05) in height while their diameter was kept as-
is, at 6.2 mm (± 0.1). A stochastic pattern was applied with spray paint to each tested specimen 
in order to track the deformation with 2D digital image correlation (DIC), as presented in Figure 
5-3. Axial strain was extracted from the photos within GOM Correlate software [225] in order 
to plot the stress-strain curves and extract the mechanical properties of the specimens. 
Compression tests were conducted at least three times for each group.  
 
Figure 5-3. Digital image correlation setup for the compression testing (a) Sample between plates with 
the stochastic pattern applied (b) Pattern quality on this same sample (a green colour represents a good 
pattern quality for better tracking ability [225]) 
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3. Results and discussion 
3.1. Powder morphology 
As illustrated in Figure 5-4, the mixing process was successful in creating a homogeneous 
mixture of the two metal powders, which is considered essential for good processing using 
SLM [226]. While pre-alloyed powder particles would give the best possible outcome, the 
homogenous distribution made of spherical particles obtained here should offer better 
flowability properties compared to the mixtures used in other work with irregular shaped Ta 
particles [32, 33].  
 
Figure 5-4. SEM image of the Ti-25Ta powder mixture, showing uniform distribution of the Ta 
powders within the Ti powders. Light grey are Ta particles, dark grey are Ti particles due to higher 
density of Ta than Ti.  
 
3.2. Density measurements 
The relative density of the Ti-25Ta alloy was found to be 99.8% ± 0.07% (Table 5-4), assuming 
a composition of 23.97% of Ta and 76.03% of Ti, which was averaged on several specimens 
(see in section 3.4). The obtained density is comparable to the work by Sing et al. [32] on a Ti-
50Ta alloy. Typical micro-pores can be observed as shown in Figure 5-7-a.  
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Table 5-4. Density of solid material obtained from the Archimedes method.  
* The theoretical density of Ti-25Ta was re-calculated based on the actual composition averaged on 
several specimens (see in section 3.4). 
Material Theoretical Density (g/cm3) Measured Density (g/cm3) 
Ti 4.506 - 
Ta 16.4 - 
Ti-25Ta 5.454* 5.445 ± 0.0038 
 
Table 5-5. Porosity levels of porous samples obtained from the dry weight method. 
Material Designed Porosity (%) Measured Porosity (%) 
Ti-25Ta (25) 25 14.3 ± 1.7 
Ti-25Ta (42) 42 26 ± 1.0 
Ti-25Ta (64) 64 38.1 ± 5.4 
 
As previously observed [199, 223], the porosity measurement (Table 5-5) emphasises the 
amount of excess material made of unmelted particles adhering to the external surfaces of the 
structure as well as overhanging areas due to the lack of support in the substrate. Additional 
post treatment could provide a better match with the initial CAD models, as discussed in other 
studies for more conventional alloys [112, 223]. However, this work was aimed at investigating 
the as-built scaffolds, without post-treatment, which is why this part was intentionally omitted. 
The influence of excess material on the static mechanical properties is known to be negligible 
[223, 227].  Further work should focus on specific surface treatment on these new titanium-
tantalum alloys to remove the excess material from the surfaces, as the literature does not 
currently provide adequate information on this topic.  
Comparing the results to previous work with a Ti-6Al-4V pre-alloyed material [223], the 
repeatability with the Ti-25Ta material is less accurate with higher standard deviations 
observed in the porosity levels measurements from the dry weight method (up to 2% in weight 
variation compared to 0.59% reported in [223] for the Ti-6Al-4V material ). The higher 
variation observed for the titanium-tantalum material is most likely caused by the excess 
material (discussed in section 3.3) and/or the slight variation in composition (discussed in 
section 3.4). This is in agreement with previous studies, which discussed the complexity in 
obtaining defect free parts with mixtures of different powders in the feedstock [226]. Using 
pre-alloyed powder rather than premix powder would most likely improve the quality of the 
final parts, however, the cost involved in using such material would be significantly higher.  
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3.3. Macrostructural observations 
The four types of printed as-built samples are presented in Figure 5-5. Since no surface 
treatment was applied, a clear layer of unmelted/semi-molten powder particles is visible on the 
surface of the samples. Jet blasting can be used in such lattice structures to remove unwanted 
particles [227], however, struts can be damaged during the process, which would ultimately 
affect the mechanical properties. Other chemical surface treatments can be applied [228], but 
limited literature is available regarding their application to additively manufactured titanium-
tantalum alloys.  
The struts size was assessed using the µCT scanning and was found to be slightly larger than 
the designed geometry resulting in consistently smaller pore size. For instance, the samples 
with 64% porosity presented a strut size of 606 µm instead of the designed 500 µm. Compared 
to the Ti-6Al-4V samples [223], the discrepancy from the CAD model is thus twice as big for 
this particular porosity level (the samples with the same porosity level had an average strut size 
of 552 µm). Past studies have shown that the excess material found in SLM-produced material 
has a negligible influence in terms of static mechanical properties [223, 229]. That is why we 
have decided to leave the specimens as-built in this present work.  
In order to obtain optimal dimensional accuracy straight out of the machine, parametric 
optimizations can also be conducted specifically for lattice structures [230-232].  In the context 
of our study, however, keeping a good consistency in the manufacturing parameters between 
dense and porous samples was essential, as we intended to observe the differences brought 
about by the incorporation of lattices only.  
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Figure 5-5. Images of solid and porous Ti-25Ta samples produced by SLM. 
 
3.4. Microstructural observations and composition 
The SEM microstructural images of SLM-produced Ti-25Ta alloy are presented in Figure 5-6. 
It is evident that some tantalum powders have not been melted during laser processing which 
can be related to its high melting point despite the fact that the energy density used for SLM 
processing was high (~360 J/mm3). As also reported before [32], the energy provided by the 
SLM process is not sufficient to fully melt some of the tantalum particles. This may be 
explained by the fact that the range of temperature – and indirectly, the energy provided – in 
which the tantalum melts and the titanium does not evaporate, is rather small: this has made 
titanium-tantalum alloys difficult to process [233, 234]. Using the SEM images of the dense 
material and the built-in particles analysis tool in Fiji software [196], we were able to determine 
the percentage of unmelted tantalum within the matrix to be 1.23% ± 0.24. It can be noted that 
the distribution of unmelted tantalum particles was homogeneous, albeit random, through the 
section.  
Microstructural evaluation of the Ti-25Ta alloy (Figure 5-6-d) at higher magnification shows 
that the Ti-Ta alloy is composed of acicular αʹʹ phase distributed within prior β grain boundaries 
which is in agreement with the previous investigation [235]. The amount of β stabilizer required 
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to obtain β phase alone at room temperature can be estimated by the Molybdenum Equivalency 
[236]:  
[𝑀𝑜]!" = [𝑀𝑜] + [𝑇𝑎]5 + [𝑁𝑏]3.6 + [𝑊]2.5 + [𝑉]1.5 + 1.25[𝐶𝑟] + 1.25[𝑁𝑖] + 1.7[𝑀𝑛] + 1.7[𝐶𝑜] + 2.5[𝐹𝑒] (5.3) 
 
Where [x] indicates the concentration of element x in weight percent. In general, around 
10 wt% of molybdenum is required to stabilize the β phase during fast cooling and the critical 
value for reaching a full β phase is around 25%. In the present work, 25% Ta was used and this 
shows that Molybdenum Equivalency for Ti-25Ta alloy is 5, which is lower than the minimum 
level required to stable β phase. It has been also reported [32] that the addition of tantalum 
suppresses the β-to-αʹ phase transformation due to the β stabilizing effect of tantalum. These 
reasons indicate that β phase was not fully stabilized after SLM and the microstructure is 
composed of αʹʹ within β prior grains.   
Figure 5-7 presents the energy dispersive spectroscopy (EDS) images of the SLM-produced 
Ti-25Ta alloy, which indicates that tantalum has been distributed homogenously within the 
titanium matrix after SLM processing. The actual composition of the matrix was measured to 
be 76.03% of titanium and 23.97% (± 1.48) of tantalum and this shows that the chemical 
composition of the SLM-produced sample is very close to that of the starting powder mixture, 
indicating conventional powder blending is a successful method for the preparation of the 
starting powders.  
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Figure 5-6. Scanning electron microscopy (SEM) microstructural images of the dense Ti-25Ta after 
SLM: (a) and (b) Unmelted Ta particles present within the Ti matrix (c) typical laser tracks evident 
across the surface (d) Acicular αʹʹ phase distributed within prior 
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Figure 5-7. (a) SEM image of Ti–25Ta alloy and its energy dispersive spectroscopy (EDS) elemental 
distribution b) Ti-25Ta alloy after SLM (c) Ti distribution (d) Ta distribution. 
3.5. Compressive mechanical properties 
In Figure 5-8, we have plotted three stress-strain curves from the same type of geometry (Ti-
25Ta with 42% porosity). In addition to the previous macrostructural observations, these curves 
confirmed the good manufacturing repeatability of this new material via consistent mechanical 
properties. The representative curves for the four types of porosity levels studied are presented 
in Figure 5-9. As commonly observed for the compressive mechanical response of ductile 
porous metals [237, 238], there are three distinct phases present for each specimen type: linear 
elastic, linear plastic hardening and densification. The drop in elastic modulus and strength 
when increasing the porosity level is a typical effect resulting from the porous networks. The 
extracted mechanical properties are summarized in Table 5-6 and compared to those of Ti-6Al-
4V previously reported [223]. The Young’s moduli were calculated from the linear elastic parts 
of the curves and the yield strengths were extracted for an offset of 0.2% of plastic strain, 
according to the ASTM E9 standards.  
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Generally, the phases present in the Ti alloys will control the mechanical properties. Among 
phases, the αʹʹ phase has hardness and elastic modulus comparable to those of β phase and both 
have lower values compared to αʹ and ω phases. In the present work, due to the formation of 
αʹʹ and the ductile nature of tantalum, the Ti-25Ta shows a far superior ductility and lower 
stiffness over the SLM-produced Ti-6Al-4V alloy with αʹ phase [223]. In fact, no failure could 
be observed and tests were stopped after 70% of strain, which was associated with a significant 
amount of barrelling. In contrast to Ti-6Al-4V, the increase in the level of porosity has no 
noticeable effect on the ductility for the titanium-tantalum alloy [223]. Wauthle et al. [36] 
discussed the possible advantages that a more ductile material could have in implant 
applications, such as the ease of surgical handling or adaptive behaviour to the surrounding 
bone.  
The low elastic moduli obtained for the Ti-25Ta specimens represent positive results for the 
targeted application, particularly for the 42% porous and 64% porous specimens that fall well 
within the typical range of cortical bone’s modulus (10-30 GPa [16]) with modulus values of 
23.3 GPa and 14.3 GPa respectively. In terms of strength, the tantalum-based alloy has 
significantly lower yield strength – ranging between 28% to 46% lower – than those of Ti-6Al-
4V for the same porosity levels. However, mechanical compatibility of orthopaedic implants 
are more commonly evaluated by their elastic admissible strain [239], defined by [240]:  
 𝛿 = 	 𝜎𝐸 (5.4) 
where δ is the elastic admissible strain, σ is the yield strength and E is the Young’s modulus.  
Naturally, a higher ratio is favourable for enhanced mechanical compatibility in bone 
replacement applications.  
Figure 5-10 compares the elastic admissible strains obtained in this study with those obtained 
from our previous work. The Ti-25Ta material presents similar ratios to those of Ti-6Al-4V, 
with an average of 0.83%. As a broader comparison, pure titanium has a reported elastic 
admissible strain of 0.47% while annealed Ti-Nb-Ta-Zr alloys can reach up to 1.3%. Overall, 
it can be concluded that the Ti-Ta alloy presented in this work has comparable mechanical 
compatibility to the industry standards.  
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Figure 5-8. Compressive Stress-strain curves of three tested specimens Ti-25Ta (42) that show the good 
manufacturing repeatability in term of mechanical properties. For clarity, the maximal value of strain 
was set to 4% on this graph. 
 
Figure 5-9. Stress-strain curves from uniaxial compression testing of the Ti-25Ta specimens. Only one 
representative curve for each geometry was plotted, as a good consistency was obtained for these 
compression tests. 
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Table 5-6. Mechanical properties of porous Ti-25Ta compared to those of Ti-6Al-4V from previous 
work.  
*The compression tests were stopped at 70% strain, as the samples were still not breaking at this stage, 
although being significantly deformed. 
Material Young’s 
Modulus (GPa) 
Yield Strength 
(MPa) 
Strain at 
failure (%) 
Reference 
Ti-25Ta (Dense) 73.5 ± 1.8 620 ± 27 70* 
[This work] 
Ti-25Ta (25) 36.1 ± 2.2 319 ± 8 70* 
Ti-25Ta (42) 23.3 ± 1.5 233 ± 2  70* 
Ti-25Ta (64) 14.3 ± 0.7 86 ± 7 70* 
Ti-6Al-4V (Dense) 108 ± 6.6 978 ± 4  ̴ 14 
[223] 
Ti-6Al-4V (25) 58 ± 3.0 520 ± 32  ̴ 15 
Ti-6Al-4V (42) 44 ± 0.8  325 ± 22   ̴ 21 
Ti-6Al-4V (64) 22.3 ± 2.3 160 ± 13  ̴ 9 
Ti-50Ta (Dense) 75.8 ± 4 883 ± 20  ̴ 12  [32] 
Ta (80% Porous) 1.2 ± 0.1 13 ± 1 - [36] 
 
 
Figure 5-10. The elastic admissible strains (yield strength to Young’s modulus ratio) of Ti-6Al-4V 
and Ti-25Ta alloys. 
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Figure 5-11 presents the deformation modes observed for the two materials. The results show 
significant barrelling for the Ti-25Ta, with no clear failure and slight barrelling for the Ti-6Al-
4V followed by a visible failure on a 45° plane. The fact that all levels of porosity presented 
the same differences suggest that the deformation modes are associated with the ductility of 
the material rather than the geometry.  
 
 
Figure 5-11. Failure modes comparison between Ti-25Ta and Ti-6Al-4V with identical designed 
geometry. 
In addition to the axial strain extracted from the deformation images, local Von Mises strain 
were also observed for each specimen with digital image correlation. Figure 5-12 gives further 
insight into the local deformation occurring within the samples. While the dense material shows 
a relatively homogeneous distribution, local concentrators forming horizontal lines can be 
observed as the levels of porosity increase. These lines correspond to the thinnest parts of the 
struts that withstand most of the vertical load. Ultimately, these concentrators result in lower 
yield strengths, as observed in the stress-strain curves in Figure 5-9. The similarities in elastic 
admissible strains between the dense material and porous specimens suggest that the geometry 
and the manufacturing parameters used in this study were successful in creating lattice 
structures with optimised mechanical properties for compressive loadings. Other geometries, 
such as gyroids or diamonds may be more desirable in other applications that require more than 
compressive strength. That is why further studies should be conducted in the manufacturing of 
topology-optimised lattices with Ti-Ta materials.  
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Even though not examined in this study, fatigue strength of tantalum-based alloys are known 
to be higher than more brittle materials [241]. Due to their high ductility, there is a lower 
probability of crack initiation and propagation [242]. Despite the inherent minor defects 
coming from the pre-mixed powder, the unmelted tantalum particles do not seem to have a 
significant effect on the static mechanical properties. However, it could be expected that these 
regions may be the origin of crack initiation in cyclic loading. Future investigations should 
include a comparative study of the cyclic fatigue performance of SLM-produced titanium-
tantalum mixtures.  
 
Figure 5-12. Local states of strain from digital image correlation during compression test, for 2.5% and 
5% global strain. Different strain scales are required to display the higher local concentrators when 
increasing the level of porosity. An example of the initial state of the sample is given in Figure 5-3.  
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4. Conclusions 
In this work, we successfully produced novel porous materials made of a Ti-25Ta mixture 
using the selective laser melting technology. The manufacturability and repeatability of the 
process was assessed through macrostructural and microstructural observations along with 
compressive mechanical properties. The mechanical compatibility in the context of bone tissue 
engineering was found to be identical to the industry standard Ti-6Al-4V, with low elastic 
modulus and high strength. The significantly higher ductility of the titanium-tantalum 
presented here could be desirable for surgical handling and enhanced adaptability of implants. 
Undoubtedly, the major strengths of this novel alloy lie in the lack of toxic elements and the 
expected enhanced corrosion resistance.  
The lattice structures based on the Schwartz primitive unit-cells produced in this work had 
suitable Young’s moduli, matching those of cortical bones. The SLM process was capable of 
producing a highly porous network with sufficient strength and no major manufacturing 
defects. In conclusion, the selective laser melting of porous pre-mixed titanium-tantalum alloys 
is a promising and cost-effective alternative for the development of orthopaedic implants.  
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Chapter VI. Tension-tension fatigue properties of 
TPMS 
Although quasi-static compressive testing has been accepted as a standard in the mechanical 
characterisation of metallic biomaterials, it does not fully replicate the life of an implant. The 
repetition of physiological loads also needs to be taken into consideration [12]. Triply periodic 
minimal surfaces have received only little attention in regard to their fatigue life. Tension-
tension fatigue testing is used in the following chapter to explore the fatigue life of TPMS 
lattices. As most studies with tensile testings of lattices have led to failure at the interface 
between lattices and dense material, a gradient in relative density was adopted in the design of 
the samples to concentrate the stresses in the centre.  
At the time this thesis submission, this chapter has been submitted for publication. The authors 
of this publication contributed as follows:   
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and analysis 
Wrote/edited 
the paper 
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ABSTRACT 
The additive manufacturing of metallic lattices based on TPMS has recently received plenty of 
interest in the field of hard tissue engineering. Although these structures are deemed to present 
advantages over conventional designs in regard to their biological and compressive mechanical 
properties, their fatigue life has received little attention.  
In the following work, Ti-6Al-4V lattices based on gyroid, diamond and Schwartz primitive 
unit-cells were tested in quasi-static tension and tension-tension cyclic fatigue. Their resulting 
elastic and fatigue properties are reported and compared in the context of biomedical 
applications. Compared to the two others, the Schwartz lattices were found to have the lowest 
strength for a similar relative density. The Young’s moduli of the three samples however, were 
of similar magnitude. Basquin’s functions are presented to fit the fatigue S-N curves and these 
can assist with the fatigue design of lattices with identical unit-cells. Fractography analysis 
from scanning electron microscopy images revealed that the fatigue crack initiation always 
occurs at the surface, pointing out the importance of surface treatment in SLM-produced 
titanium lattices. 
Keywords: Selective Laser Melting; Fatigue; Titanium, Lattices, Biomedical.  
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1. Introduction  
Due to recent advances in additive manufacturing technologies, titanium lattices have gained 
great attention in the development of novel biomaterials. SLM particularly, can produce regular 
lattices with optimal pore sizes for hard tissue engineering [15]. Compared to conventional 
stochastic foams, enhanced biological and mechanical performance has been reported for 
additively manufactured regular lattices [69, 243]. The flexibility brought by additive 
manufacturing processes permits the tailoring of the mechanical properties with varying levels 
of porosity, which is an interesting option for patient-specific needs.   
TPMS are particularly attractive in the field of tissue engineering due to their superior strength 
to weight ratio and larger surface area [78, 243]. This set of geometry exhibits a mean curvature 
of zero at any point (ie. no discontinuity), thus minimizing the likeliness of geometric stress 
concentrators. TPMS lattices can be categorised in two types: sheet solids and network solids. 
Sheet solids are composed of two distinct void domains while network solids are composed of 
a single void domain [84]. Bobbert et al. [69] have studied thoroughly three TPMS geometries 
using sheet solids models and concluded that these present unique properties that make them 
promising as biomaterials. On the other hand, Yuan et al. [83] stated that network solid 
geometries are superior biomaterials compared to sheet solids, as they dispose of a single 
interconnected pore network that facilitates vascularization and transport of body fluids. In 
addition, network solid TPMS are known to have a lower stiffness than both strut-based and 
sheet solid TPMS geometries [7], a beneficial characteristic for the targeted biomedical 
applications.  
The relationship between TPMS lattices and their mechanical properties has received plenty of 
attention in the last few years. However, the majority of the studies that involved TPMS [77, 
244, 245] have only used quasi-static compression tests as a means to justify structural 
integrity. But in reality, an implanted material will be subject to a high number of cycles 
through its life time [246] and will be frequently loaded in tension. This is why it is crucial to 
take into consideration the high cycle fatigue life behaviour of these materials, and in particular 
tension-tension fatigue, when developing a new generation of metallic biomaterials. As we 
know, as-built SLM-produced material tends to have a lower fatigue limit compared to 
machined components [247, 248], which is one of the major drawbacks of additive 
manufacturing. This poor fatigue strength is believed to be notably due to the surface state of 
the as-built samples that present a high surface roughness [135, 249] as well as residual micro 
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porosity that can be found within the bulk material [250]. In fact, additively manufactured 
titanium can outperform conventional titanium alloys in term of fatigue behaviour only if 
appropriate post-treatments are conducted (typically heat treatment and surface treatment). 
Compared to bulk components, the influence of the surface roughness of SLM-produced 
titanium on fatigue life of lattices is enhanced due to the larger surface area to volume ratio 
inherent in these lattices [141]. While the fatigue life of conventional titanium lattices has 
received some attention in the last decade, this is not the case for TPMS geometries, which 
have been reported as a promising set of candidates for the field of biomedical implants.   
To the best of our knowledge, the study from Bobbert et al. [69] is the only investigation that 
has included fatigue life for titanium TPMS lattices. The authors have studied the quasi-static 
mechanical properties, fatigue life and permeability of diamond, gyroid and primitive unit-
cells. However, they have not reported S-N curves. As mentioned previously, the TPMS 
samples the authors used were based on sheet-solid, which are classified as inferior in terms of 
biological performance, compared to network solid structures [83]. Diversely, Lietaert et al. 
[135] studied the fatigue life of additively manufactured titanium scaffolds for different types 
of loadings, including tension-tension, tension-compression and compression-compression. 
The geometry used in their study was a strut-based diamond unit-cell, a very popular option 
when it comes to biomedical implants as the struts are oriented at 45º, which limits defects 
caused from overhangs during manufacturing [243]. However, strut-based geometries have 
lower strength to weight ratio due to the presence of sharp corners resulting in high stress 
concentrators. In fact, the authors reported that the fatigue fracture of the struts always 
happened at nodes, where local stress concentration exists. Using various strut-based designs, 
Yavari et al. investigated [138] the relationship between unit-cell type and porosity on the 
fatigue behaviour of Ti-6Al-4V lattices produced using SLM. Their findings highlighted that 
the type of unit-cell can strongly influences the fatigue life of lattice structures. Given the 
popularity of TPMS and lack of fatigue data, it is essential to determine and understand their 
fatigue properties. 
This study aims to experimentally investigate and report the fatigue performance of network 
solid TPMS lattice architectures, namely gyroid, diamond and Schwartz primitive type 
structures, made of a Ti-6Al-4V alloy using SLM. Quasi-static tensile tests as well as tension-
tension cyclic tests were conducted for each geometry. S-N curves have been reported for all 
sample types and a fractography analysis is presented for both quasi-static and cyclic tests.  
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2. Material and methods 
 
2.1. The design approach for fatigue samples 
TPMS were chosen for the manufacturing of the specimens: gyroids, diamonds and Schwartz 
primitive. All three have shown great potential for use in biomedical applications with high 
strength to weight ratio as well as good permeability – in other words: improved biocompatibity 
[69]. Their low stiffness is also a key advantage in the field of load-bearing implants. A graded 
level of porosity was incorporated in the models in order to concentrate the stresses at the centre 
of the specimen and avoid fracture at the interface between lattice and dense material, as 
observed before [137]. This approach is similar to the one observed in Lietaert et al.’s work 
[135]. The targeted level of porosity in the centre of the samples was 69%. This value was 
chosen based on previous studies using similar levels of porosity ranging between 60-80% and 
showing Young’s moduli of 1-20 GPa  [199, 230, 251], which fall within the typical stiffness 
recommended for load-bearing bone applications [14]. 
Firstly, Wavefront polygon models (.OBJ files) were generated via MathMod with an equation-
based approach. A similar procedure was used by Melchels et al. [252] for the preparation of 
polymeric biomedical scaffolds. The equations we used for the generation of the samples are 
presented hereafter for the gyroid (FG), diamond (FD) and Schwartz primitive (FS) lattices:  𝐹"(𝑥, 𝑦, 𝑧) = 𝑐𝑜𝑠(𝐴𝑥)𝑠𝑖𝑛(𝐴𝑦) + 𝑐𝑜𝑠(𝐴𝑦)𝑠𝑖𝑛(𝐴𝑧)+ 𝑐𝑜𝑠(𝐴𝑧)𝑠𝑖𝑛(𝐴𝑥) + 𝐵 − |𝐶𝑥| (6.1) 
  𝐹2(𝑥, 𝑦, 𝑧) = 𝑠𝑖𝑛(𝐴𝑥)𝑠𝑖𝑛(𝐴𝑦)𝑠𝑖𝑛(𝐴𝑧)+ 𝑠𝑖𝑛(𝐴𝑥)𝑐𝑜𝑠(𝐴𝑦)𝑐𝑜𝑠(𝐴𝑧)+ 𝑐𝑜𝑠(𝐴𝑥)𝑠𝑖𝑛(𝐴𝑦)𝑐𝑜𝑠(𝐴𝑧)+ 𝑐𝑜𝑠(𝐴𝑥)𝑐𝑜𝑠(𝐴𝑦)𝑠𝑖𝑛(𝐴𝑧) + 𝐵 − |𝐶𝑥| (6.2) 
  𝐹3(𝑥, 𝑦, 𝑧) = 𝑐𝑜𝑠(𝐴𝑥) + 𝑐𝑜𝑠(𝐴𝑦) + 𝑐𝑜𝑠(𝐴𝑧) + 𝐵 − |𝐶𝑥| (6.3) 
 
where A adjusts the number of periods in the geometry (ie. The number of unit-cells), B is the 
thickness offset that controls the relative density (or level of porosity) of the structures and C 
is the coefficient for the linear density gradient. The coefficients of the equations have been 
adjusted to meet the following two criteria: 
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- The level of porosity at the centre of the specimen should be comprised between 67%-
70%.  
- The very end of the specimen should be fully dense on the external surface of the 
cylinder (to ensure good attachment during testing). 
The rate of change in density along the longitudinal axis x, noted ∆ρ/∆x can be calculated 
using the coefficients A and C, and the size of the unit-cell d, as follows: ∆𝜌∆𝑥 = 𝐶 × 𝑑𝐴  (6.4) 
For each sample type, the calculated values for these rates are presented in Table 6-1.  
 
Table 6-1. Characteristics of the samples and value of the constants used for the TPMS equations. 
*the Schwartz lattices were designed with smaller unit-cells in order to accommodate for a larger 
number of struts within the specimen’s section and to match the two other geometries. 
 A B C ∆ρ/∆x 
Level of 
porosity 
(%) 
Size of  
unit-cells 
d (mm) 
Sample 
diameter 
(mm) 
Sample 
height 
(mm) 
Gyroids 2 0.53 0.05 0.076 67 - 0 3.05 11 110 
Diamond 2 0.42 0.05 0.076 68 - 0 3.05 11 110 
Schwartz 
p. 3.5 0.75 0.075 0.032 70 - 0 1.74* 11 110 
 
Additional smoothing of the .STL file was conducted within PTC Creo 3.0 [253] using the 
refine tool, which interpolates and increases the number of triangular elements in the model. 
Calignano et al. [254] found that the discretisation level of the .STL file may influence the 
resulting surface roughness of the samples with an SLM-produced AlSi10Mg aluminium alloy. 
Having the most refined geometries for printing was thus preferable to minimise potential 
surface irregularities due to poor tessellation. It should also be noted that due to the linear 
density gradient, no staircase-like effect was observed along the longitudinal direction of the 
specimens.  
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Figure 6-1. Computer generated models used for the design of the gyroid, diamond and Schwartz p. 
samples. The figure presents the longitudinal views and the unit-cell topologies for each of the 
geometry. 
 
2.2. Selective laser melting (SLM) and post treatment 
The samples were produced on the additive manufacturing FUTURPROD platform of I2M 
institute with a SLM 280 machine (SLM Solutions), which uses a conventional powder bed 
selective laser process. The chamber is controlled under argon flow, which reduces the 
oxidation of the powder during the process. The SLM parameters used for the print are 
presented in Table 6-2. The specimens were built along their x axis (ie. Building direction 
parallel to the long axis of the cylinders). In order to reduce internal porosity within the bulk 
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material, a hot isostatic pressing (HIP) post-treatment was performed on the as-built specimens 
[255].  This consisted in applying an isostatic pressure of 120 MPa during 2 hours at 920 °C. 
A macrograph of as-built specimens is presented in Figure 6-2.  
Table 6-2. Selective laser melting parameters used for producing the samples. 
Parameter Value 
Laser power (P) 100 W - 950 W 
Layer thickness (t) 0.03 mm 
Hatch distance (h) 0.12 mm 
Scanning speed (v) 185 mm/s - 1100 mm/s 
 
 
Figure 6-2. Macrograph of the samples produced with SLM (a) Gyroid (b) Diamond and (c) Schwartz 
primitive. 
 
2.3. Mechanical testing 
In order to obtain the quasi-static mechanical properties of the designed structures, we used a 
DSLR-based 2D digital image correlation system to track the deformation of the specimens 
during a quasi-static tensile test. A clip-on extensometer was also used to provide redundancy 
in the data acquisition. Prior to analysing the results from these tests, preliminary investigations 
were conducted to identify the best gauge length required for these types of samples. As the 
samples are graded in terms of level of porosity, a slight change in gauge length can have a 
large impact in terms of strain measured. A plateau in the strain discrepancy was observed at 
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around 10 mm gauge length, which was used in the tests. This gauge length represents 
approximately 3.3 cells for the gyroid and diamond samples, and 5.75 cells for the Schwartz. 
Tension-tension fatigue tests were conducted on an Instron machine, in air, at room 
temperature. The fatigue test was performed under load control, at a loading ratio R=0.1, and 
at a frequency between 20Hz and 50Hz depending on the applied load level. Tests were 
automatically stopped if: 
- The displacement of the extensometer reached 0.2 mm, which was considered as a 
failure of the specimen.  
- 106 cycles were reached without failure, which is a typical upper bound for biomedical 
components [135, 138]. 
 
2.4. Numerical analysis  
The mechanical behaviour of the lattices was further investigated using finite element analysis 
with the smallest 3D periodic unit-cell for each of the TPMS. The principal aim of the 
simulations was to obtain the stress distribution within the cells for direct comparison with 
experimental observations. The FE models of the lattice RVE were generated using mathmod 
software and meshed with linear tetrahedral elements using Salome open-source software. The 
lattice RVE is modelled by means of linear tetrahedral elements with 2.1, 2.5 and 2.7 millions 
of elements for Gyroid, Diamond and Schwartz RVE respectively ensuring convergence of the 
mechanical fields. The numerical model is computed applying periodic boundary conditions 
for the displacements at the edges of the RVE and by controlling the mean RVE stress state 
and level (average of the stress components at the RVE scale). The numerical applied mean 
stress state evolution follows the experimental one and is given by:  
^𝛴$-` = 0𝑓𝑜𝑟𝑖𝑗 ≠ 11  ⟨𝛴44⟩ = 𝛴5+62 e(1 − 𝑅)𝑠𝑖𝑛(𝑤𝑡) + (1 + 𝑅)g (6.5) 
 
where R is the applied loading ratio. In a first approach, the material behaviour was considered 
as isotropic and linear elastic based on the material properties identified on the same material 
in a previous work, with a Young’s modulus of 110 GPa and Poisson’s ratio of 0.34.  In order 
to address the reality of local mechanical fields over the full fatigue life range investigated here 
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and to propose a fatigue life prediction model, an elato-plastic framework should be considered 
as proposed in [248, 256]. However, the main objective of the numerical computation here is 
to propose a first evaluation of stress distribution and location of hot spots with regard to a 
fatigue indicator parameter in the high cycle fatigue domain as proposed in the following 
paragraph. For that purpose, considering a purely elastic behaviour is reasonable.  The meshes, 
Von Mises stress and pressure distributions are presented in Figure 6-7 and discussed in the 
following sections.  
As a fatigue criterion, a simple Crossland criterion was chosen [256]. Among the possible 
choices, the Crossland criterion was chosen for its low computational cost and simplicity. The 
stress-based Crossland criterion is a linear combination of the maximum value of the 
hydrostatic stress over a cycle σH,max and amplitude of the second invariant of the deviatoric 
tensor τoct,a (Eqs.(6)–(8)). Based on the Crossland criterion a fatigue indicator parameter is 
proposed as follows: 
𝐹𝐼𝑃7%(𝑀) = 𝜏&89,+(𝑀) + 𝛼𝜎!,5+6(𝑀) (6.6) 
with:  
𝜏&89,+(𝑀) = m12𝑚𝑎𝑥9∈< n?´?(𝑀, 𝑡) − 𝑆5´(𝑀)p ∶ n?´?(𝑀, 𝑡) − 𝑆5´(𝑀)p (6.7) 
  
𝜎!,5+6(𝑀) = 𝑚𝑎𝑥9∈< r13 𝑇𝑟𝑎𝑐𝑒e?´?(𝑀, 𝑡)gs (6.8) 
 
were α = 0.9 (identified in previous work [248]) 
3. Results and Discussions 
3.1. Quasi-static tensile properties  
The stress-strain curves from the quasi-static tensile tests are presented in Figure 6-3 and the 
extracted mechanical properties are summarized in Table 6-3. A typical elasto-plastic 
behaviour with linear elastic region followed by strain hardening can be observed for the three 
types of samples. As expected from geometries with similar levels of porosity, the Young’s 
moduli obtained for the gyroid, diamond and Schwartz cells are of similar magnitude, with an 
average of 12.9 GPa ± 1.05 GPa. These stiffnesses fall well within the recommended range (ie. 
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1 – 30 GPa) for hard tissue applications [24]. On the other hand, significant differences can be 
observed in the strengths of the structures, with a maximum variation between the Schwartz 
and gyroid samples of 61%. Lastly, the strains at failure for these different geometries also vary 
significantly, with a 1% strain before failure for the Schwartz and a maximum of 6.7% for the 
gyroid. These large discrepancies in strength and maximum strain can likely be associated with 
the variation in minimal strut size and subsequently, the local stresses induced in the section: 
Schwartz specimens present thin struts aligned with the direction of loading, while gyroid and 
diamond geometries have thicker struts, which align at 45º to the loading direction. 
Comparatively, Lietaert et al. have reported a yield stress of 70.2 MPa and an average fracture 
strain of 6.70% with a 80% porous diamond struts design. It should be noted that the increased 
ductility the authors reported is likely due to the lack of HIP treatment that is known to 
negatively impact the ductility of Ti-6Al-4V [257].   
 
Figure 6-3. Stress-strain curves during a quasi-static tensile test for the three types of samples. The 
global stress on the ordinate axis is obtained by dividing the force by the entire circular section of the 
specimens (ie. 95 mm2)  
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Table 6-3. Mechanical properties of the graded TPMS geometries extracted from the quasi-static tensile 
tests. 
Property Gyroid Diamond Schwartz 
Young's Modulus (GPa) 13.3 11.7 13.7 
Yield Strength at 0.2% (MPa) 81 107 65 
Ultimate tensile strength (MPa) 129 135 68 
Strain at failure (%) 6.7 4.3 1.0 
 
Figure 6-4 presents the local strain obtained from digital image correlation (DIC). It is 
important to note that these results should not be taken quantitatively as the 2D system cannot 
take into consideration the out of plane deformation. Nonetheless, the figure gives a better 
understanding of the deformation mechanisms at the macroscopic level within the lattices. For 
the three samples, high local strains occur in the central part of the specimen, which indicates 
that the design of the lattices with a linear gradient in density was successful in focusing the 
stresses within the centre of the specimens. The second interesting outcome can be directly 
associated to the maximum strain at failure previously mentioned for the different lattice 
structures. In the case of the Schwartz primitive lattices, which exhibit the lowest strain to 
failure at the macroscopic level, DIC measurements indicate that the deformation at the 
elementary cell level is highly localized. Indeed, in the central cells (n = 0), the strain reached 
up to 0.1 before failure, while in the next rows of cells (n = 1 and n = 2), local strains did not 
exceed 0.01. For the gyroid and diamond, the degree of localization is much lower, and the 
global strain is supported by a much larger amount of material at the local scale. Maskery et al. 
[88] found similar outcomes with computational models. The authors attributed the difference 
in deformation behaviour to the less uniform stress distribution observed for the Schwartz 
primitive compared to the two other geometries. The stress distributions from the FEA analysis 
(Figure 6-7) also confirmed this outcome, as the Schwartz unit-cell shows highly concentrated 
stress fields in its thinnest section, while the two other unit-cells exhibit more uniform stress 
fields. Additionally, the strong correlation in strain distribution and intensity between ε11 and 
εeq (observed on the DIC data, in Figure 6-4) suggests that the majority of the deformation 
occurs along the longitudinal axis x, as expected in a uniaxial tensile test. 
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After identifying the highly strained zones in the lattices, local strain data were extracted for 3 
consecutive unit-cells and plotted against the global stress. The data are presented in Figure 6-
5 and supports the aforementioned statements in terms of strain localization. However, the 
drops in local strain with the increase in row number from the centre of the specimen could not 
be correlated to the linear rates of change in density, presented in Table 6-1. Instead, it should 
be expected that the strain variations within the lattices are mostly dependent on the unit-cell 
topologies.  
 
Figure 6-4. Local strain fields during quasi-static tensile tests from digital Image Correlation (DIC). 
This figure should only be taken qualitatively as the scale may be inaccurate due to out of plane 
deformation that is not being taken into consideration in 2D image correlation.  
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Figure 6-5. Evolution of local strain with the global stress in consecutive rows. n indicates the row 
number from the centre of the specimens. 
Ultimately, all specimens failed along their central axis, which again confirms that the gradients 
in the design of the specimens were successful in concentrating the stresses in this area (this is 
valid for both quasi-static tensile test and tension-tension cyclic tests). If we look at the 
orientation of individual surface fractures on each strut however (Figure 6-8-a, Figure 6-8-b 
and Figure 6-8-c), then the fracture modes are different for all three architectures: the Schwartz 
specimens failed on a horizontal plane, normal to the long axis of the specimen. On the other 
hand, the diamond and gyroid specimens have a more complex macroscopic failure, which is 
characterised by a sawtooth profile. For these two geometries, the fracture surfaces are oriented 
at 45º to the loading directions, which correspond to the area where the struts are the thinnest 
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and stress concentrations the highest [88], as illustrated by the FEA results presented in Figure 
6-7. These macroscopic failure modes can be also correlated to the local strains observed in 
Figure 6-4 and Figure 6-5. The orientation of the fracture surfaces also indicates that the global 
uniaxial tensile load applied to the specimens was in fact translating to more complex stress 
states at the local level. In their study, Lietaert et al. [135] considered that a single strut within 
diamond lattices is mostly loaded in tension with a small bending stress gradient. Similar 
interpretations are to be expected for the diamond and gyroid lattices in this study. On the other 
hand, it is most likely that only tensile loads are to be observed for vertical struts in the 
Schwartz lattices, as the struts align with the test’s loading direction.  
The surface fracture of the specimens tested in quasi-static uniaxial tension are presented in 
Figure 6-8. For all the struts, dimples at the fracture surfaces are clearly visible (Figure 6-8-d 
and Figure 6-8-e), which is typical of a ductile transgranular fracture [258]. In addition to these 
dimples, smooth cleavage facets are also visible on a few struts, confirming the presence of 
complex stress states induced by the complex geometries [259, 260]. For the Schwartz lattices, 
it should be noted that the individual failed struts’ surfaces are inclined at roughly 45°, relative 
to the loading direction (Figure 6-8-c), although being on the same macroscopic failure plane. 
This is a common outcome for a uniaxial tensile test, where the maximum shear stress is located 
on a 45° plane [261]. The SEM images presented on Figure 6-8 also revealed the partially 
melted powder particles adhering to the surface of the struts, known to be detrimental to the 
mechanical performance of such materials [262]. These fractography images will be compared 
to those of the specimens that failed under fatigue loading in the next section.  
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Figure 6-6. Macrograph of the failed specimens after cyclic tension-tension testing. It can be noted that 
samples from both quasi-static and cyclic tests presented identical macroscopic failure modes. 
 
 
Figure 6-7. Finite element analysis of the three unit-cells in quasi-static uniaxial tension, with periodic 
boundary conditions. 
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Figure 6-8. Fracture surfaces from scanning electron microscopy (SEM) after quasi-static tensile 
testing. (a), (b) and (c) are low magnification images of gyroid, diamond and Schwartz primitive 
specimens respectively. (d) shows the typical surface fracture observe. 
 
3.2. Fatigue properties 
Figure 6-9-a presents the S-N curves of the different lattices, where the stress represents the 
maximum global stress (ie. applied macroscopic force reported to the entire section of the 
cylindrical samples). In this study, we did not focus on the local stress within a single strut, 
however, previous work has revealed that the fatigue life of a single strut in lattice structures 
had identical mechanical behaviour than equivalent bulk Ti-6Al-4V [135]. On the S-N curves, 
Basquin’s function fits were applied to the scattered data with high R2 values. The expression 
of the Basquin’s function follows a simple power law as follows [263]:  
 𝜎(𝑁) = 𝑎𝑁, (6.9) 
where 𝜎 is the global stress, N is the number of cycles, and a and b the Basquin’s coefficients 
(a and b are given on the graph in Figure 6-9). The resulting fatigue limits at 106 cycles were 
18.4 MPa, 14.3MPa and 13.6 MPa for the diamond, gyroid and Schwartz geometries 
respectively. Another visualisation for the evolution of the fatigue life is given by the 
normalized S-N curves in Figure 6-9-b. The ordinate axis represents the ratio of the maximum 
stress over the ultimate tensile stress, which for a given number of cycles is commonly called 
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the Fatigue Endurance ratio, often used to compare the fatigue life of materials [264]. In the 
same way, Basquin’s functions have been added to the data. The fatigue endurance ratios at 
106 cycles for the as-built specimens were calculated at 0.11 for the Gyroid, 0.14 for the 
Diamond and 0.20 for Schwartz lattices. Compared to the ratios of SLM-produced bulk as-
built Ti-6Al-4V at 106 cycles reported in the literature for tensile fatigue tests [226, 249, 265], 
those of the lattices presented in this work are between 5-48% lower (Table 6.4). This is a 
common outcome that demonstrates the increased sensitivity of lattices to manufacturing 
defects compared to the bulk material [141, 264]. As most fatigue studies with Ti-6Al-4V 
lattices involved compression-compression or tension-compression, it is difficult to compare 
the performance obtained in the present work with tension-tension. Nonetheless, Lietaert et al. 
[135] provided both quasi-static data and tension-tension fatigue data in their recent work. 
Compared to the fatigue endurance ratio they obtained with strut-based diamond lattices (Table 
6.4), the ratios reported here with TPMS lattices fall well above the 0.05 calculated from the 
authors’ data. Although this could likely be attributed to the lack of HIP post-treatment in the 
forementioned work, the design itself and use of TPMS may also contribute to the superior 
performance of the lattices tested in the present study. In fact, Dallago et al. [115] found that a 
HIP treatment had no clear influence on the fatigue life of lattices in tension-compression 
loading. However, as tension-tension testing is more detrimental to the fatigue life of lattices 
[135], a different influence of HIP could be expected in this case. Indeed, in the case of tension-
compression loading, local buckling plays a significant role in the fatigue damage process 
while surface and volume defects plays a more critical role under tensile loadings.  
Due to the high coefficient of determination (R2) obtained for the S-N curve fits, the power 
laws presented in Figure 6-9 can be used for the fatigue design of lattices with identical unit-
cells. In the case of varying level of porosity, the fatigue properties may be determined using 
the normalized S-N power laws along with the extracted tensile strength from quasi-static tests. 
In the case of using data to predict fatigue life, it is important to consider the loading direction 
and mechanical anisotropy brought about by this type of unit-cells [138]. In fact, the three unit-
cells studied in the present work all have a certain degree of anisotropy [266]. The mechanical 
behaviour, including the fatigue properties of the lattices are thus dependent on the loading 
direction with respect to the main anisotropy directions of the cell.  For an complete fatigue 
design methodology of architectured materials, a more general approach such as the one 
proposed by Refai et al. [267] should be preferred to standard S-N Curves.  
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Figure 6-9. S-N curves for the Ti-6Al-4V lattices: (a) Global stress (relative to the entire section of the 
cylindrical specimen) and (b) Normalized relatively to the quasi-static ultimate tensile strength of each 
geometry. 
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Table 6-4. Comparison of tensile fatigue properties for different types of Ti-6Al-4V samples. 
*The level of porosity is based on the designed pores (not the micro porosity). 
**Fatigue strength at 106 cycles. 
*** The authors used a fully reversed cycle (push-pull) 
Sample type 
Post 
treatment 
Porosity* 
(%) 
Fatigue Strength** 
(MPa) 
Fatigue 
Endurance Ratio 
Reference 
Gyroid (TPMS) HIP 69 14.3 0.11 [This work] 
Diamond (TPMS) HIP 69 18.4 0.14 [This work] 
Schwartz (TPMS) HIP 69 13.6 0.20 [This work] 
Bulk HIP 0 ≈ 220 ≈ 0.21 [226, 249, 265]   
Diamond (struts) None 80 6 0.05 [135]  
Strut-based*** HIP 80-93 ≈ 1.5 - 3.5 -- [115]  
 
The macroscopic failure (Figure 6-13) of the lattices under uniaxial tension-tension cyclic 
loading had significant similarities with the quasi-static tensile failure mode: the fractured 
surfaces coincided with the highest stressed areas within the struts for this type of unit-cells 
[88], as presented from the FEA results in Figure 6-7. The fractography analysis  revealed that 
most struts failed following a typical fatigue scenario, characterised by a fatigue crack initiation 
zone followed by a crack propagation [268]. As commonly described for a Ti-6Al-4V alloy 
[135, 269], the crack propagation region consisted of small irregular facets and secondary 
cracks. This failure mechanism can be observed in Figure 6-10, Figure 6-11 and Figure 6-12. 
It should be noted that for the Schwartz lattices, the struts that failed with this fatigue mode 
present a surface fracture perpendicular to the loading direction, unlike the struts that failed 
under quasi-static ductile failure (illustrated in Figure 6-8-c). In addition to fatigue crack 
initiation and propagation, some struts also presented partial ductile failure associated to the 
final stage of failure for struts experiencing fatigue propagation (example in Figure 6-12) and 
the remaining, which represented in average 12% of the struts, presented pure ductile fracture 
(dimples) most likely due to the final failure of the specimens. Although it is difficult to locate 
the very first strut to fail, there is a clear pattern that could be observed:  the group of struts that 
presented typical fatigue surface fracture always included struts located on the outside of the 
circular section, which may suggest that the initiation of the crack happened toward the external 
lattices. Macro observations when the samples had just failed, but had not been separated yet, 
supported this finding: some struts on the outside of the specimen presented a clear failure at 
this point.  
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For all failed struts observed under SEM, no internal pores were observed, which indicates that 
the HIP heat treatment was successful in closing micro porosity. Subsequently, the initiation 
of the cracks did not happen at pores, as is often the case [270], but rather at the surface of the 
struts from surface micronotches induced by surface roughness. In Figure 6-10 for example, 
the strut crack initiation occurred in the right side of the gyroid’s strut and propagated toward 
the left side until complete fracture of the strut. For the fractured struts from a Schwartz 
specimen presented in Figure 6-12, the crack occurred in the upper right corner, and progressed 
down diagonally, as indicated by the fatigue striations, until ductile fracture in the extreme 
bottom-left corner. While we could observe clear striations on some of the Schwartz specimens, 
this was not the case with the two other geometries. Similar fine striations were also reported 
in [246] with high cycle fatigue behaviour of a Ti-6Al-4V alloy.  
Although the effectiveness of HIP treatments on fatigue life of lattices is unclear, the negative 
influence of surface defects and notches is uncontroversial [115, 135]. In a recent study, 
Dallago et al. [271] concluded that fatigue resistance is more sensitive to surface irregularities 
and notches than the internal porosity. Using a conventional cubic lattice structure with 
compression-compression cyclic testing, Van Hooreweder et al. [272] showed that a chemical 
surface treatment can increase the fatigue limit of lattices by about 30%. According to these 
findings, it is essential to perform further work on surface treatments of newly developed 
lattices, as similar improvements could be expected from the tensile fatigue performances of 
TPMS geometries.  
 
Figure 6-10. Fractography images from SEM showing a typical fatigue fracture of a strut within gyroid 
lattices. 
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Figure 6-11. Fractography images from SEM showing a typical fatigue fracture of a strut within 
diamond lattices. 
 
Figure 6-12. Fractography images from SEM showing a typical fatigue fracture of a strut within 
Schwartz primitive lattices with clear fatigue striations. 
 
Figure 6-13. SEM images of three fractured specimens after the tension-tension fatigue test. 
Figure 6-14 illustrates the Crossland FIP distribution for the three geometries. In terms of FIP 
localization, it is of clear evidence that the Schwartz cell highly localizes the FIP in its central 
zone (cf. Figure 6-14-c) as does the gyroid. In the latter case, the FIP localizes in one branch 
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of the cell as illustrated in Figure 6-14-a. On the opposite, the diamond cell allows to distribute 
more evenly the stress field (and as a consequence, the FIP) over the entire volume of the cell. 
It is remarkable to notice that the two cells that highly localize the FIP exhibit consequently 
the lowest fatigue resistance.  In terms of fatigue crack initiation, the SEM observations 
correlates well the FIP maximum location at the cell surface, as can be observed in Figure 6-
13. It should be noted that the proposed FEA does not consider the surface state that may 
modify local stress values. However, considering surface roughness should not modify the 
overall FIP distribution at the cells surface (ie the location of hotspots) since the length scale 
of the process-induced roughness is, in the present case, lower than the characteristic scale of 
the cells geometry.   
 
Figure 6-14. Crossland FIP distribution on the three different lattices. 
 
Conclusion 
This work presents the results obtained from quasi-static tensile testing and tension-tension 
cyclic testing (R = 0.1) of three types of lattices using TPMS with a density gradient. The S-N 
curves reported, and the power laws presented in this work provide useful information for the 
fatigue design of similar lattice structures. As expected, the SLM-built Ti-6Al-4V lattices 
exhibit fatigue life that decreases significantly with an increase in global stress. The resulting 
fatigue limits of the lattices at 106 cycles were measured to be between 13.6 - 18.4 MPa for 
corresponding yield strengths of 65 - 107 MPa, when measured at the global level. Although 
inferior to bulk Ti-6Al-4V, the fatigue performance of the TPMS lattices were found to be 
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superior to conventional strut-based lattices. The fractography analysis revealed that fatigue 
crack initiation happened at the surface of the struts and this highlighted the need for adequate 
surface modification to reduce surface defects and notches from the SLM process. The 
proposed FEA computation highlighted the impact of the degree of localization of the stress 
field (Von Mises, pressure and Crossland FIP) on the overall mechanical properties. It suggests 
that the cell geometries allowing a homogeneous distribution of the stress field in bulk (quasi-
static properties) or at their surface (fatigue properties) results in improved mechanical 
properties.  In conclusion, the gyroid, diamond and Schwartz lattices present promising 
mechanical properties for biomedical applications, but further surface optimization is needed 
to optimize the fatigue life and extend the durability of the material. Integrating stress field 
localization considerations in topological optimization methodologies may lead to new 
proposals in terms of cell geometries.  
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Chapter VII. Chemical surface treatment for 
titanium TPMS lattices 
As reported in the literature review (Chapter II) and in the previous chapter (Chapter VI), the 
fatigue life of additively manufactured metallic lattices is strongly influenced by their surface 
state. Although a few studies have investigated the effect of chemical surface treatment on 
various mechanical properties [115, 271], the effect on the morphological aspects of TPMS is 
not reported. Thus, it is essential to understand how the morphology and the surface state of 
the lattices are affected by the chemical polishing.  
This chapter presents an experimental approach to chemically polish TPMS structures. In-
depth macrostructural and surface characterizations are provided to further the understanding 
of chemical polishing of such designs. An incremental approach was adopted to sequence the 
stages during the polishing process.  
The authors of the publication contributed as follows:  
Contributor Designed study Data collection 
and analysis 
Wrote/edited 
the paper 
Nicolas Soro 60% 90% 80% 
Nicolas Saintier 30% 5% 5% 
Hooyar Attar 5% 5% 5% 
Matthew S. Dargusch 5% -- 10% 
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ABSTRACT 
Titanium lattices produced using selective laser melting have received great interest as key 
elements in the development of bone substitute implants. However, as the inherent surface 
defects formed during the selective laser melting process are known to have a negative impact 
on mechanical and biological performances of the implants, it is crucial to modify the lattices 
at the surface level.  
In the following work, we investigate the use of a chemical post-treatment for the surface 
modification of Ti-6Al-4V lattice structures. Triply periodic minimal surfaces, a promising set 
of unit-cells for hard tissue engineering, have been used for the design of the specimens. 
Incremental polishing was conducted and the evolution of both surface and morphological 
properties have been reported with an increase in polishing time. The method has been 
successful in removing partially melted powder adhering to the surfaces within the 
interconnected lattice networks and reducing the stair stepping effect brought about by the 
manufacturing process. Morphological characteristics were found to be consistent throughout 
the samples, which indicates an adequate penetration of the etchant. It was found that the 
potential reduction in structural strength may be mitigated by oversizing the struts in the design 
phase of the lattices. 
Keywords: Additive Manufacturing; Titanium; Chemical Polishing; Post-treatment; Lattices  
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1. Introduction 
SLM, a powder-bed fusion additive manufacturing process, has enabled the possibility to 
manufacture complex interconnected porous networks, or lattices, with numerous applications 
including in the manufacture of biomedical implants. Applied to titanium alloys, these 
structures have notably led to the development of new biomaterials targeted at bone-tissue 
engineering, where relatively small pores are recommended [220, 273]. If used in parallel with 
computer-aided design (CAD) and tomography techniques, these titanium lattices can 
constitute an alternative to dense metals for patient-specific implants with tailored stiffness that 
can match that of the host tissue.  
Despite the near net shaping capabilities of SLM, surface irregularities remain an issue for as-
built components, so post-processing is usually required to clean and smooth the surfaces. 
Common irregularities and defects include partially melted powder particles that adhere to the 
external surfaces caused by the physics of the melt pool [108], stair-stepping due to the layer-
by-layer process [121], and overhanging material due to the lack of support in the previous 
layers of the substrate [274].  
In the context of small-sized lattices, these surface irregularities can negatively affect the 
performance of the material and the morphological mismatch can impact the mechanical 
properties  [262, 275]. The fatigue limit of the material is also significantly affected by the state 
of the surface as defects can facilitate crack initiation by enhancing the formation of local stress 
concentrators [248, 249, 271]. On the biological side, the release of loose powder within the 
body can cause inflammatory response and/or bone resorption, which are both major causes of 
implant loosening [276, 277]. De Wild et al. [118] pointed out the benefits of sandblasted and 
acid-etched lattices on the stimulation of bone formation within the surfaces of an implant in a 
rabbit femur. The consensus is that the surface cleaning of biomedical lattices is an essential 
step to prevent implant loosening and to improve mechanical performances [116-118].  
Numerous methods have been proposed for the surface treatment of additively manufactured 
titanium alloys [278, 279], but not all of them are suitable for internal small-sized lattices. The 
commonly used machining or vibro-abrasive machining techniques for instance [112], cannot 
penetrate sufficiently the internal features. Chemical or electrochemical polishing (also called 
etching) are incontrovertibly the most suitable and cost-efficient methods for lattice 
architectures [117, 121].  Chemical polishing with hydrofluoric acid (HF) and nitric acid 
(HNO3) solutions has been reported to be successful when used in proper ratios [112, 117, 
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121]. Using higher concentrations of HNO3 reduces the hydrogen absorption that leads to 
surface embrittlement while a high concentration of HF promotes the formation of soluble 
compounds. Commonly, a ratio of HF to HNO3 ranging from 1:10 – 3:10 is used for the 
polishing of SLM-produced titanium alloys.  
The effects of chemical polishing on the mechanical or biological properties of titanium lattices 
have been widely addressed, and comparisons between as-built samples and polished samples 
have been reported [118, 280]. In terms of polishing conditions however, there is very limited 
literature regarding the influence of the morphological aspects for different lattice geometries. 
In those few studies [117, 121], conventional unit-cell designs, such as cubic or dodecahedron 
geometries were used. According to Pyka et al. [121], the effects of chemical polishing also 
strongly depend on the morphological aspects of the unit-cell, including not only pore size and 
strut size but also its geometry. Using novel lattice geometries should go in pair with the 
development of new parametric studies to obtain better polishing controls for the specific 
design being used. To the best of our knowledge, novel TPMS lattices have received no 
attention in this regard, despite being a promising candidate for tissue engineering [223, 274]. 
In addition, the homogeneity of polishing (i.e. how consistent is the polishing through the 
internal network of the lattices) has only received very limited  attention [275], despite being 
essential for a successful treatment of small-scale pores.  
In this study, we investigate chemical post-processing for three additively manufactured Ti-
6Al-4V lattice geometries using hydrofluoric and nitric acid solutions for surface and 
morphological modification. The lattices designs are based on diamond, gyroid and Schwartz 
primitive unit-cells, which belong to the group of TPMS, found to be superior to conventional 
strut-based unit-cells for biomedical application notably. The polishing method proposed 
consists of an incremental acid bath with constant rotational speed of the samples. Micro-
computed tomography (µCT) and scanning electron microscopy (SEM) are used to give further 
insights into the evolution of the lattices’ morphological characteristics with the polishing time, 
such as volume loss, homogeneity of polishing and surface modification. 
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2. Methods and experimental protocol 
 
2.1. Design of lattices and selective laser melting (SLM) 
The lattices produced in this work were based on TPMS, a set of three-dimensional 
mathematical equations that have no discontinuity on their surface and offer unique sets of 
properties compared to conventional struts-based lattices [69, 223]. A diamond, a gyroid and a 
Schwartz primitive unit-cells (presented in Figure 7-1) were used for creating each sample. The 
equations of the TPMS are presented hereafter, for diamond (fD), gyroid (fG) and Schwartz (fS) 
unit-cells:  𝑓2(𝑥, 𝑦, 𝑧) = sin(2𝜋𝑥) sin(2𝜋𝑦) sin(2𝜋𝑧) 											+ sin(2𝜋𝑥) cos(2𝜋𝑦) cos(2𝜋𝑧) 			+ cos(2𝜋𝑥) 𝑠𝑖𝑛(2𝜋𝑦) cos(2𝜋𝑧) 			+ cos(2𝜋𝑥) cos(2𝜋𝑦) sin(2𝜋𝑧) − 𝑡 (7.1) 
  𝑓"(𝑥, 𝑦, 𝑧) = cos(2𝜋𝑥) sin(2𝜋𝑦)+ cos(2𝜋𝑦) sin(2𝜋𝑧) 																																	+ cos(2𝜋𝑧) sin(2𝜋𝑥) − 𝑡 (7.2) 
  𝑓3(𝑥, 𝑦, 𝑧) = cos(2𝜋𝑥) + cos(2𝜋𝑦) + cos(2𝜋𝑧) − 𝑡 (7.3) 
 
where t is a variable that offsets the geometry and, as a consequence, controls the volume 
fraction of the final architecture. The effect of t on the volume fraction depends on the 
geometry: L. Maskery et al. [88] proposed a graph that illustrates the relationship between the 
volume fraction and this variable. The t value was set to 0.75 for the Schwartz and Gyroid and 
to 0.42 for the Diamond, which corresponds to a level of porosity of 69% (± 1) for each 
geometry. The morphological properties of the designed CAD models are presented in Table 
7-4. A dense cylindrical part (4mm height) was added in the design of each sample as a base 
support to facilitate the polishing and characterization processes. The TPMS equations 
(Eq.(7.1) Eq.(7.2) and Eq.(7.3)) were implemented in Mathmod to delimit the outer surface of 
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the lattices and to create an .OBJ file. The addition of the dense support as well as the 
conversion to an .STL format were completed within Blender software [123].  
The samples were selectively laser melted with a SLM® 125 machine (SLM Solutions) using 
the manufacturer’s default set of parameters for this alloy presented in Table 7-1. Similar SLM 
parameters were successfully used in previous studies with Ti-6Al-4V lattices [223, 281]. The 
feedstock powder was a Ti-6Al-4V ELI (SLM Solutions) alloy with spherical particles of size 
comprised between 20-63 µm.  
 
 
 
Figure 7-1. Unit-cells used for the lattices. Left to right: Diamond, Gyroid and Schwartz primitive. 
 
Table 7-1. Selective laser melting parameters used for the manufacturing of the lattices. 
Parameter Value 
Laser power (P) 200 W 
Layer thickness (t) 0.03 mm 
Hatch distance (h) 0.12 mm 
Scanning speed (v) 900 mm/s 
 
2.2. Chemical polishing 
In order to reduce the surface roughness and surface irregularities, chemical polishing was 
conducted for each specimen. The lattices were placed in 50 mL of an etchant containing 3.3% 
of HF (50%), 11.1% of HNO3 (70%) and 85.6% of distilled water, a ratio similar to what is 
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found in the literature for titanium alloys [117, 121, 275]. Preliminary experimental tests have 
shown that using a conventional magnetic stirrer could lead to significant heterogeneity in the 
polishing, with higher material loss toward the external lattices. Thus, we have opted for an 
overhead low speed stirrer system to continuously rotate the sample during the etching process. 
The experimental setup is presented in Figure 7-2: the metallic lattices were held upside with 
a 3D-printed plastic rod and maintained at a constant rotational speed of 120 rpm during the 
polishing. The specimens were rinsed with distilled water right after the etchant was removed 
and were placed in an ultrasonic bath of ethanol for 5 minutes to remove any acid residue. Each 
polishing step was started at room temperature, though minimal heat was generated by the 
chemical reaction in the Beaker. 
 
 
Figure 7-2. Setup for chemical polishing of Ti-6Al-4V lattices. 
Table 7-2 presents the polishing approach we have used in this work. Relatively short polishing 
increments of 5 minutes were used for the core of the study; however, we have also polished 
for longer periods, specifically for a preliminary study and for comparative purposes. For the 
specimens Diamond, Gyroid and Schwartz, optical images as well as µCT scans were 
conducted in between each polishing step. Figure 7-3 illustrates the Diamond_0 structure 
before and after 30 minutes of polishing. Some struts have significant damage after being in 
the acid bath for 30 minutes. This severe damage would have a quasi-certain impact on the 
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structural integrity of the lattices. It clearly indicates that such a time length is an upper bound 
of the acceptable etching time for these lattices. Another visible outcome was the appearance 
of spherical indentations, or recesses, on the surface of the struts, which are most likely due to 
local variations of the dissolution rates due to microstructural heterogeneities. Due to the 
negative effects brought by 30 minute polishing, it was decided to have a maximum polishing 
time of 20 minutes in this study to preserve the structural integrity of lattices. 5 minute 
increments were used to give insights into the polishing mechanisms with the evolution of time. 
The specimen Diamond_1 was used as a comparative tool: it was assumed that leaving a 
specimen in the acid bath for 20 minutes in a row could give different results than using 5 
minutes increments with fresh etchant.  
Table 7-2. Experimental approach for the polishing of titanium lattices. 
Specimen Reference Polishing Time (min) 
Diamond_0 30 
Diamond 5 5 5 5 
 
Gyroid 5 5 5 5 
Schwartz 5 5 5 5 
Diamond_1 20 
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Figure 7-3. Scanning electron microscopy images of the preliminary study on diamond lattices after 30 
minutes of polishing. (a) as-built SLM diamond (b), (c) and (d) 30 minutes polished diamond lattices 
(Diamond_0) at different magnifications. 
 
2.3. Microscopic observations and µCT scans 
In order to assess the surface modification from the acid polishing, we have opted for scanning 
electron microscopy (SEM) images and micro-computed tomography (µCT). SEM provided 
information on a small scale at the surface of the lattices while µCT helped understand the 
volume loss, homogeneity in material loss and potential damage. A Bruker Skyscan 1272 was 
used for the micro-computed tomography scans with the parameters presented in Table 7-3. 
The scanning time was approximately 50 minutes per sample with this set of parameters and 
the scanned volume allows fitting approximately ¾ (7.5 mm in height) of the lattices. NRecon 
software [282] was used for the 3D reconstructions of the scans while Fiji [196], CTvol, CTAn 
and DataViewer were used for analysis of the reconstructed data. A manual co-registration 
process was conducted within DataViewer in order to align the reconstructed scans for each 
geometry and allowed for better visualization. A volume of interest (VOI) of 6.8 mm in height 
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(680 pixels) from the top of the specimens was retained to analyse various aspects, such as 
volume loss, loss in strut thickness or level of porosity.   
Table 7-3. Bruker Skyscan parameters used for the µCT scans. 
Parameter Value 
Exposure time 750 ms 
Voltage X-Ray  100 kV 
Current X-Ray 100 uA 
Rotation step 0.45º 
Averaging  5 frames 
Energy filter Cu 0.11 mm 
Pixel size (resolution) 10 µm 
Image format 1224 x 820 
 
3. Results and Discussion 
 
3.1. As-built lattices and compliance with CAD models 
Selective laser melting was successful in producing the set of lattices designed for this study: 
a macrograph of the as-built lattices is presented in Figure 7-4 and the variations of 
morphological characteristics between designed and as-built specimens are reported in Table 
7-4. The most prominent discrepancy lies in the surface areas, which can most likely be 
attributed to geometrical deviation, process induced roughness and to the partially melted 
particles adhering to the surfaces. Another common outcome in SLM-produced lattices is the 
increase in strut thickness compared to the design [199, 223]. For the printed lattices in our 
work, the excess is relatively consistent between the three studied geometries, with an average 
of 129 µm and a standard deviation of 12 µm. This represents an increase in thickness of 15% 
for the gyroid sample and a much larger increase of 36% for the Schwartz primitive sample 
that had thinner designed struts. Although composed partially of mechanically weak partially 
melted particles [283], this increase in strut thickness can cause mechanical and biological 
disparities regarding the function and requirements of the biomaterial [110]. This 
morphological mismatch, among other surface defects, assuredly emphasizes the need for post-
treatment.  
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Figure 7-4. Macrograph of the as-built lattices produced by SLM. Left to right: Diamond, Gyroid and 
Schwartz. 
Table 7-4. Differences in morphological characteristics between designed CAD models and as-built 
samples from SLM as obtained from µCT. 
 
 
Volume 
(mm3) 
Surface 
Area (mm2) 
Porosity 
(%) 
Max Pore 
Size* (µm) 
Min 
Strut 
Size (µm) 
Diamond 
CAD 169.1 775 68.2 960 700 
As-built 183.7 1212 66.8 844 ± 10 816 ± 10 
Gyroid 
CAD 165.8 639 68.6 1050 920 
As-built 171.4 984 67.9 910 ± 14 1060 ± 14 
Schwartz 
CAD 154.5 790 69.3 1200 360 
As-built 156.7 1243 70.6 1069 ± 15 491 ± 15 
*The max pore size represents the diameter of the largest sphere that could fit inside a pore.  
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3.2. Volume loss and evolution of morphological characteristics 
One of the resulting effects of chemical polishing is the loss in volume of the samples induced 
by the reduction in strut sizes. The graph presented in Figure 7-5-a shows the decrease of 
volume fraction for each geometry after the polishing increments. After 20 minutes in the acid 
bath, the Gyroid, Diamond and Schwartz samples lost 41%, 50% and 58% of their volume, 
respectively. The large differences in volume loss between geometries can be explained by the 
variations in surface area for the 3 unit-cells we have used. For the VOI we have selected, the 
Schwartz primitive had the highest designed surface area with 790 mm2, which is consistent 
with the observation that this was the specimen that lost the most of its volume fraction, as 
more material is in contact with the etchant. The diamond lattices come second with a designed 
surface area of 775 mm2 and lastly, the gyroid with 639 mm2. As expected, the volume loss is 
directly correlated to the surface area of the lattice network rather than its level of porosity. 
This aspect should be taken into consideration when designing the lattices in order to have 
better control on the final state of the component.  
Similarly, the graph from Figure 7-5-b presents the volume loss after each 5 minute increment 
in the acid bath, which is directly correlated to the volume fraction previously introduced. Two 
phases, delimited by the dashed red line, can be observed: the first one showing a slight 
decrease in the loss after each increment (ranging between 0.2%-0.8%) and the second one, 
from 15 minutes of polishing, representing the moment in time where significant damage and 
material detachment occur. During the first 5 minutes of polishing, the adhering partially 
melted powder is fully removed, which represents a high volume of material. After these first 
5 minutes, the etchant is in contact with bulk material only and the volume loss becomes slower. 
These two phases are discussed in more detail by Lhuissier et al. [283]. The assumption from 
the authors is that the convex surfaces (typically particles attached to the surface) are dissolved 
quicker than concave surfaces (eg. stair-stepping defects) due to the chemistry behind the 
process. In our work, the volume losses remain relatively constant until a critical phase at 15 
minutes is reached (ie. severe struts damage). It can be noted, that after 15 minutes of polishing, 
the highest variation in volume loss is for the Schwartz geometry, which is consistent with 
what was observed with µCT scans: heavy damage for some struts, some material was 
unattached from the lattices. The reason is that the Schwartz primitive lattices have the lowest 
strut sizes of the geometries studied, and thus reach a critical state much faster. For struts of 
these sizes (500-800 µm), it can be concluded that with the etchant used, 15 minutes should be 
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the maximum polishing time before compromising the structural integrity of the lattices. This 
also means that with thicker designed struts, further polishing could be applied; however, 
penetration within the internal architectures may become problematic, as pore sizes may be 
consequently reduced.  
The lattices’ morphological characteristics are also being affected by the polishing treatment 
(Table 7-5). The surface area is being reduced significantly with an increase in polishing time, 
with a prominent variation between the as-built and 5 minute polished specimens. This drop, 
ranging between 25-31%, is most likely due to the removal of semi-loose powder during the 
first 5 minutes (confirmed by µCT observations in the following section), which is in 
agreement with the volume loss previously observed. The next polishing increments exhibit 
fewer variations in this regard, with losses ranging between 6.5-12.6%. Due to the reduction in 
strut size, the levels of porosity are increasing with polishing time. After 15 minutes, the level 
of porosity reached ranged between 78.1% and 84.1%. Although being a relatively large 
difference, similar variations were reported for the as-built samples and thus, cannot be 
attributed to the polishing process alone. 
 
Figure 7-5. Evolution of (a) volume fraction and (b) volume loss with the polishing time. The red line 
on (b) shows the point where the material removal becomes inconsistent due to heavy damage to the 
struts and loss of material that detached in the etchant. 
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Table 7-5. Evolution of the main characteristics of the lattices with polishing time. 
Specimen 
reference 
Polishing time 
(min) 
Porosity level 
(%) 
Average Min 
Strut size (µm) 
Surface 
area*(mm2) 
Diamond 0 66.6 816 ± 10 1212 
 5 71.0 712 ± 13 902 
 10 75.5 622 ± 15  818 
 15 79.3 558 ± 16  760 
 20 82.9 478 ± 18 692 
Gyroid 0 67.9 1056 ± 14 984 
 5 72.0 950 ± 12  728 
 10 75.4 881 ± 16 664 
 15 78.1 821 ± 13  621 
 20 81.2 757 ± 13 575 
Schwartz 0 70.6 491 ± 15 1243 
 5 76.1 382 ± 8 858 
 10 80.5 290 ± 10 750 
 15 84.1 214 ± 13  678 
 20** 87.8 122 ± 11 553 
Diamond_1 0 66.9 820 ± 11 1265 
 20 83.3 494 ± 17 707 
* The surface areas have been calculated for the VOI.  
**After 20min of polishing, the Schwartz primitive sample was significantly compromised due to material 
detachment in the etchant.  
 
3.3. Strut size and homogeneity of polishing 
In order to investigate whether the polishing was accomplished in a homogeneous manner 
through the lattices, we have measured the minimal struts sizes after each polishing increment 
at different areas within the sample. The aim was to identify an eventual heterogeneous 
penetration of the etchant in the lattices that could lead to a different impact on the internal 
architectures than on the external exposed surfaces, as reported before [275]. We ensured that 
the location of the measurement was consistent for each type of lattice. Thus, three measures 
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were taken from the reconstructed µCT scans: one at the central axis of the specimen that we 
called x = 0; another one on the outside of the specimen x = r; and an intermediate one at x = 
r/2. Each of these measures was repeated at 5 different heights through the lattices, for each 
specimen, at each polishing increment. 
Figure 7-6 presents these measures as histograms while Figure 7-7 presents overlays of 
extracted µCT reconstructed 2D slices. For the Diamond and Gyroid lattices, nothing indicates 
a potential heterogeneity as the variations observed in strut sizes are of similar magnitude to 
the µCT scanner’s voxels size. For the Schwartz lattices however, a different pattern can be 
observed: the external struts tend to be thicker than the internal struts, from 10 minutes of 
polishing onward. This difference in material loss is visible in Figure 7-7, where thicker 
polished struts appear toward the central axis of the specimen for the Schwartz P. As reported 
before [121], the geometry of the unit-cell and overall morphological characteristics have an 
important role to play in the effects of polishing. In this instance, the unit-cells located near the 
central axis of rotation of the specimen may experience a reduced renewal of etchant compared 
to the external unit-cells. This effect may be enhanced by the vertical channels of this specific 
geometry that align with the axis of rotation of the specimen. It should also be noted that, as 
previously stated, from 15 minutes in the acid bath, the Schwartz lattices became compromised 
due to significant damage and material detachment, which may also be causing disparities in 
struts measurements.  
 
Figure 7-6. Minimal strut size in function of the position related to the central axis. x = 0 corresponds 
to the central axis of the specimen while x = r corresponds to the external area of the specimen. Each 
measure was repeated 5 times at different locations, the standard deviation is included in this graph. 
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Figure 7-7. Extracted 2D slices of struts in as-built state and after polishing. The dashed red line 
represents the central axis for each of the specimen. 
 
3.4. Surface modification 
Figure 7-8 presents the evolution of the surface roughness Rq with the polishing time. All three 
geometries exhibited identical trends in this regard and as expected, the surface roughness 
decreases as the polishing time increases. A more significant drop was observed after the first 
5 minutes of polishing. The reduction in surface roughness then lowers for the next increments. 
In the same way as for the volume loss, the full removal of the semi-melted particles during 
the first 5 minutes could explain this variation in roughness reduction. After 20 minutes of 
polishing, the reduction in surface roughness ranged between 20-35% depending on the 
geometry.  The difference in surface roughness between the three samples can notably be 
explained by the presence of overhang areas. The Schwartz P. for instance, is more subject to 
overhang than the two other TPMS, hence the higher surface roughness observed for as-built 
lattices. In addition, the presence of overhang in the structures most likely contributes to the 
relatively high surface roughness obtained here compared to bulk Ti-6Al-4V reported in the 
literature [284].  
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The evolution of SLM-processed surfaces after polishing is known to be partly affected by the 
initial state of the surfaces [121]. As illustrated in Figure 7-8, the irregularities in as-built 
surfaces are conveyed to the polished surfaces, even after a significant amount of time in the 
acid bath. Because the as-built surface state can be correlated to the orientation of the surface 
related to the SLM building direction, we have separated the analysis into two categories: 
upskin surfaces and downskin surfaces. The images from examination in the scanning electron 
microscope (SEM) are presented in Figure 7-9 and these illustrate the evolution of the surfaces 
with polishing time at high magnifications. As expected, upskin surfaces are smoother than 
downskin surfaces due to the physics behind the SLM process [285]. The Schwartz primitive 
lattices were chosen to illustrate this evolution as they contain struts that are perpendicular to 
the SLM building direction, which makes it ideal to observe precisely the upskin and downskin 
features.  
During the 5 first minutes of polishing, the partially melted powder particles adhering to the 
surfaces are fully removed on each side of the struts. However, the roughness and irregularities 
on the surface are still significant, particularly for the downward facing surfaces, where the 
initial overhang zones remain. After the first 5 minutes, the upward facing surfaces do not 
change significantly, and stay relatively smooth with the increase in polishing time. On the 
other hand, the downskin surfaces are becoming smoother with an increase in polishing time. 
Despite the clear improvement of the downskin surfaces with polishing, there is still some signs 
of irregularities and roughness from the initial overhang after 20 minutes of polishing. As 
previously mentioned, an increase in polishing time may be possible with thicker designed 
struts. Although this could potentially reduce the remaining roughness of downskin surfaces, 
this would also most likely compromise the structural integrity of the structures due to the strut 
damage that we have observed after 15 minutes of polishing.  
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Figure 7-8. Evolution of the surface roughness Rq with the polishing time for each TPMS geometry. 
Rq was averaged on the entire VOI.   
 
          
Figure 7-9. SEM images showing the evolution of upskin and downskin surfaces with polishing time 
for the Schwartz primitive lattices. 
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As reported before [223], chemical polishing usually does not alleviate the overhang issue, but 
rather removes excess material and smaller defects from the surfaces. Yan et al. [77] observed 
similar outcomes with polished gyroid lattices. They attributed the remaining surface defects 
to the initial stair-stepping effect, but no particular attention was paid to the overhanging 
phenomenon that appears in downskin surfaces. Many studies have used conventional unit-
cells that can be built at a 45° angle, which ultimately limit the overhanging material [112, 117, 
121]. For TPMS, the complex geometries do not allow for overhang-free prints. As no 
supporting material can be included in the manufacturing of small-sized lattices, further work 
should focus on optimizing the SLM parameters for these specific geometries to reduce the 
surface defects as much as possible on as-built components. On the other hand, the resulting 
roughness obtained in our work for the downward facing surfaces should be subjected to 
mechanical investigations, particularly in cyclic loading, as improvements are to be expected 
compared to non-polished lattices.  
The effect of polishing in one bath during 20 minutes in a row (Diamond_1) rather than four 
baths of 5 minutes (Diamond) was also investigated in this work. We have compared those 
conditions for a diamond-based structure. In terms of volume loss, the variation is relatively 
small: the resulting volumes for the Diamond specimen was 49.6% and the resulting volume 
for the Diamond_1 was 50.4%. As illustrated in Figure 7-10-a and Figure 7-10-b, the external 
surfaces of the lattices after polishing present similar states; partially melted adhering powder 
is completely removed, upward facing surfaces are smooth and downward facing surfaces have 
remains of overhang irregularities. In terms of strut size however, the average minimal 
thickness of the struts (presented in Table 7-5) is 3.3% larger for the Diamond_1 specimen. 
These apparent, albeit small differences, indicate that the use of fresh solution that is being 
replaced for each polishing increment has a non-negligible impact on the polishing. Sutter et 
al. [286] reported that the pickling rate decreases as polishing time increases in the same 
solution. They notably attributed this behaviour to the depletion of the solution with time and 
the consumption of HF by the metallic ions. Their observations correspond to what we 
observed in our experiments: a saturation of the solution represented by a significant colour 
shift of the solution to a greenish tint. It can then be expected that by using a higher volume of 
solution for long polishing may eventually reduce this effect avoiding early saturation of the 
etchant. As reported for the Diamond_0 specimen after 30 minutes in the acid bath, a high 
number of spherical indentations can also be observed on the Diamond_1. These detrimental 
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characteristics obtained with longer polishing suggest a reduced level of control over the final 
state of the surfaces.  
 
Figure 7-10. SEM images of a diamond strut for (a) 4 x 5 minutes polishing and (b) 1 x 20 minutes 
polishing. 
 
3.5. Evolution of Topology 
In spite of the discontinuity-free TPMS we used for the design of the samples, the appearance 
of sharp corners with increase in polishing time (notably visible in Figure 7-3-c) led us to 
investigate the evolution of the topology. In this regard, it is important to consider the 
relationship between the relative density of a unit-cell (or level of porosity) and the variable t 
(cf. Eq. (7.1) Eq. (7.2) and Eq. (7.3)), which is dependent on each geometry. The graph in 
Figure 7-11 presents the evolution of the variable t with the level of porosity. Matching the 
experimentally obtained levels of porosity to the corresponding t value can then give the 
“idealised” unit-cell topology, which can be considered as the reference. Unit-cells of the 
samples at each stage of polishing were extracted from the µCT scans and the comparison 
between these and the idealised unit-cell is presented in Figure 7-12.  
Apart from the various surface irregularities, the reconstructed TPMS match the idealised cells 
after each polishing increment, which suggests that the polishing is homogeneous through the 
interconnected lattice network. The conservation of the geometry is a significant advantage for 
the design of the CAD models. This implies that a simple oversizing of the struts sizes is a 
viable approach to obtain desired geometries with improve surface quality. While this 
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comparison gives us a clear indication regarding the homogeneity of our polishing method, it 
should be noted that smaller topological variations that appear at the surface level cannot be 
resolved by the µCT scanner due to the rather limited resolution. SEM imaging however, 
reveals some “edge sharpening” that can be explained as the remains of stair stepping after 
polishing for over 15 minutes (cf. Figure 7-3, Figure 7-9 and Figure 7-10-a). As these could 
potentially reduce the fatigue limit of these supposedly discontinuity-free TPMS, future work 
should include an extensive investigation into the impact of these features on mechanical 
properties.   
 
Figure 7-11. Theoretical evolution of the variable t (presented in Eq. (1) Eq. (2) and Eq. (3)) with the 
level of porosity. The black dashed lines illustrate the approach to obtain the variable t from the levels 
of porosity obtained experimentally (only presented for the gyroid).   
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Figure 7-12. Evolution of the topology of the unit-cells with the polishing time. (a) Idealized diamond 
unit-cells, (b) as-built diamond unit-cells from reconstructed µCT scans, (c) Idealized gyroid unit-cells, 
(d) as-built gyroid unit-cells from reconstructed µCT scans, (e) Idealized Schwartz primitive unit-cells, 
(f) as-built Schwartz primitive unit-cells from reconstructed µCT scans. 
 
3.6. Summary and future work 
Based on the rationale behind the requirement for post-treatment, our polishing method was 
successful in removing the partially melted particles from the as-built surfaces. In terms of 
matching the morphological characteristics to the CAD models, oversizing the designed struts 
size may be a viable option: this approach was successfully used in the past [112], however, 
we suggest conducting specific parametric studies to obtain the best control for the geometry 
being used. The work presented in this study has provided suggestions for the polishing of 
similar topologies (ie. similar strut and pore sizes). 
Despite the limited literature on the topic, a recent study revealed that the fatigue resistance of 
cellular materials, or lattices, is strongly influenced by the inherent defects brought about by 
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SLM [271]. As these defects seem to be dependent on the base unit-cells, specific sets of 
polishing parameters may be required to reach the desired morphology. Given the difficulty in 
completely removing roughness from the downward facing surfaces (ie. overhang) of TPMS, 
future work should focus on the influence of these post treatments on fatigue performance and 
the potential improvement over the as-built components.  
4. Conclusion 
In this work, we investigated the effects of chemical polishing on SLM-produced Ti-6Al-4V 
lattices from different designs. The significant, albeit expected discrepancies between the 
designed TPMS models and as-built samples emphasized the need for an efficient post-
treatment. Using an incremental polishing approach with a solution of hydrofluoric and nitric 
acid, most surface defects were successfully removed from the lattices. The following findings 
were reported from the results:  
• The loss in volume and decrease in struts size was consistent for the three geometries 
we have studied. With initial struts sizes ranging between 500-800 µm, significant 
metal removal occurs after 15 minutes of polishing with the specific concentration we 
have used for the etchant.  
• Minor heterogeneities in the polishing were reported for the Schwartz primitive 
geometry, highlighting the importance of the morphological aspects’ in determining the 
choice of polishing conditions. For the diamond and gyroid geometries on the other 
hand, a homogeneous polish was accomplished. Conducting specific polishing 
parametric studies to find the best conditions for a particular design is thus a crucial 
step in the development of new lattice-based material.   
• While the chemical polishing did not fully remove the overhangs on the downward 
facing surfaces, significant improvements at the surface level were achieved, with full 
removal of partially melted powder particles and overall smoothing.  
• The reduction in struts size brought about by the chemical polishing will most likely 
result in a reduction in structural strength. Oversizing the struts in the design phase 
could then be considered to counterbalance this loss in strength.   
• Further work should be conducted to understand the impact of such treatments on 
fatigue life of lattices, specifically looking at the effect of remaining overhangs and 
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potential improvement of oversized polished lattices compared to the as-built 
equivalent.  
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Chapter VIII. Recommendations for future work 
This last chapter summarises the main results from this research and provides 
recommendations on future work. As individual conclusions for each of the core chapters are 
already provided within this thesis, the present chapter will instead place the findings in their 
wider research context and give a broader image of how they can contribute to future work. 
Firstly, an overall summary of the chapters of this thesis is presented, followed by specific 
recommendations.  
1. Summary and outcomes  
In this thesis, the additive manufacturing and mechanical properties of titanium lattices were 
explored in the context of biomedical applications. A review of the literature guided the work 
toward using network solid TPMS as the base unit-cells for the design of the lattices. TPMS 
have shown promising results for use in biomedical applications, however their 
manufacturability and mechanical properties were not fully understood. Alternative alloys 
should also be explored for AM technologies in order to substitute toxic elements found in 
industry standard materials. The core chapters of this thesis explored the topics above-
mentioned and through a preliminary study, presented the limitations of stochastic porous 
materials.  
In Chapter III, investigating the mechanical properties and deformation mechanisms of a 
sintered stochastic titanium foam has highlighted some limitations of this conventional 
manufacturing process. Using the space holder method, it is difficult to accurately control the 
pore distribution, shape and size. Undesirable anisotropy, reduced strength or manufacturing 
inconsistency are examples of limitations reported with this fabrication protocol. Although 
considered as a cost-effective method, the durability of a biomaterial can be affected by this 
lack of control, which can lead to poor mechanical performance. In addition, highly porous 
structures (ie. Above 50% porous) are not achievable with such techniques due to 
manufacturing limitations and the high probability of thin walls within the structure when 
increasing the level of porosity. This preliminary study emphasized the need for controlled and 
engineered regular lattices, which have been the subject of the rest of the thesis.  
To address the aforementioned issues, Chapter IV of this thesis investigated the 
manufacturability and mechanical properties of Ti-6Al-4V lattices based on a Schwartz 
primitive unit-cell, part of the TPMS structures, using SLM. The Schwartz primitive unit-cell 
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was chosen due to its high surface area and high permeability that potentially enhances cell 
attachment. The manufacturability of the lattices with three distinct levels of porosity was 
reported as consistent, based on morphological μCT analysis, compressive mechanical 
behaviour and microstructural analysis. The Young’s modulus of the highest level of porosity 
studied was found to be suitable for load-bearing biomedical applications with a value reported 
at 22.3 GPa. The produced titanium lattices were found superior in strength compared to 
conventional stochastic structures. Despite the consistency in the morphological aspects of the 
lattices between specimens, large discrepancies were observed when compared to the CAD 
files. While the increase in strut size and high surface roughness are well-known effects in 
SLM-produced lattices, their effect on the mechanical properties is not fully addressed. Chapter 
VI of this thesis approached the effect of surface defects on fatigue properties in more detail.  
In an effort to explore alternative elements to the toxic aluminium (Al) and vanadium (V) both 
present in the industry standard Ti-6Al-4V alloy, Chapter V introduced the first attempt at 
selectively laser melting lattices from a Ti-25Ta alloy. Identical CAD files to the previous 
chapter were used for the design of the specimens, which permitted direct comparison between 
the two alloys in terms of manufacturability and mechanical properties. The compressive 
mechanical properties were found to be lower than the Ti-6Al-4V equivalent: lower stiffness 
and lower strength. However, the elastic admissible strains, which represent the ratios of 
strength to Young’s modulus, were found superior for the Ti-25Ta alloy. This is representative 
of the mechanical compatibility of a metal for hard tissue applications. Although the titanium-
tantalum alloy was found promising for use in biomedical applications, further studies should 
be conducted in order to modify its surface and reduce the unmelted Ta particles within the 
dense matrix. A new generation of pre-alloyed powders may also be beneficial in the selective 
laser melting of such materials.  
Following the results presented in Chapter IV, Chapter VI investigated the tension-tension 
fatigue properties of Ti-6Al-4V TPMS structures. In addition, quasi-static tensile testing was 
also used as a reference in order to understand local strain deformation with a 2D digital image 
correlation system. The fatigue life of the lattices in tension-tension was found inferior to bulk 
titanium but superior to conventional strut-based lattice designs. The data from the S-N curves 
provided in this work can be used as a tool for the fatigue design of lattices with similar 
topology. Fractography analysis with scanning electron microscopy (SEM) revealed that crack 
initiation always occurred at the surface of the struts. Although this proved that the HIP heat-
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treatment was successful in limiting fatigue crack initiation from internal micro porosity, this 
also meant that surface irregularities have a significant role in the fatigue life of lattices.  
In response to the importance of surface irregularities on mechanical properties, the last core 
chapter of this thesis explored a chemical polishing method applied to the new set of TPMS 
lattices. With a solution of hydrofluoric and nitric acid, the chemical treatment was successful 
in removing most of the surface defects without affecting significantly the topology of the unit-
cells. While this certainly presented an improvement over as-built lattices in terms of 
morphological features, the effect on mechanical properties and in particular on the fatigue life 
should be addressed in future work. The data presented in this work can be used as a reference 
for the polishing of Ti-6Al-4V lattices with similar initial topology, as well as a design tool to 
oversize the struts of the lattices to obtain desired morphological characteristics after polishing.   
2. Implications and remaining challenges 
It is hoped that the work presented in this thesis will contribute to the wider field of research 
that is the development of new generation of biomedical implants. Although, the remaining 
challenges need to be addressed before potential commercialisation of devices using TPMS 
designs.  Through the work presented here and the recent literature on the topic, it is clear that 
titanium TPMS lattices from SLM are promising candidates for the new generation of 
biomedical implants. This thesis has provided further understanding on their design, their 
manufacturing, their mechanical properties and their limitations.  
Although not being the primary focus of the presented work, useful information regarding the 
design of TPMS using an equation-based modeller can be extracted from the core chapters. 
The design method used through this thesis is more efficient in term of CPU resources and 
workflow than conventional CAD packages. However, it is not fully automated and still 
requires a large amount of user input. With the popularity of lattice structures and the 
emergence of design for additive manufacturing solutions, new software and tools should be 
developed to facilitate the design of such geometries and integration in real-size devices. It 
should be noted that these types of tools are already being incorporated in main CAD packages 
for the design of conventional unit-cells. Thus, it is expected that in the near future, minimal 
surfaces will be implemented as well.  
The mechanical characterisation of a biomedical material is often considered early on in the 
development process. With the growing interest that TPMS structures received in the last 5 
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years, in-depth mechanical investigations were required to ensure their structural integrity and 
durability. The TPMS studied in this work have presented superior compressive mechanical 
properties than conventional stochastic porous material. The control offered by AM 
technologies, and SLM in particular, has presented considerable advantages for the design and 
fabrication of implants with adjustable stiffness. With the TPMS equation parameter t, the 
Young’s modulus of the lattices can be adjusted to match the host tissue’s mechanical 
properties, which can ultimately alleviate the stress-shielding effect. In terms of fatigue life, 
the work presented in this thesis mostly emphasized the necessity of surface modifications for 
titanium lattices. The fatigue life was found to be superior to conventional strut-based design 
due to the lack of sharp corners in the topology of the unit-cells. However, the notches created 
during the SLM process are still problematic and detrimental to the fatigue life of titanium 
lattices.  
While surface treatments can be achieved to reduce these imperfections to a certain extent as 
presented in Chapter VII, the influence of these treatments on fatigue life of the material is not 
fully understood. Additionally, the chemical treatment presented here might behave differently 
for full-size implants, as the penetrating effect of the etchant in the interconnected lattices might 
be limited. Nevertheless, the data presented in this research can help in the choice of polishing 
parameters. With similar initial topologies, future research and/or product developments could 
use the data to oversize the struts of the lattices in the CAD models. Unwanted mechanical 
properties and/or morphological mismatch could then be avoided. Ultimately, the polishing 
data reported in this work could be used to generate automated design tools that can predict the 
required oversizing of the struts. One of the key findings is that the homogeneity of the 
polishing is affected by the topology of the lattices. This means that new unit-cell designs 
should be subjected to new parametric studies.  
Although the advantages of using tantalum in biomedical applications are unquestionable, the 
additive manufacturing of titanium-tantalum alloys remains an unexplored research area. This 
research has reported consistent manufacturability and quasi-static mechanical properties for a 
Ti-25Ta alloy. However, some challenges remain with using powder-blends with large density 
differences. The discrepancies in the physical properties of the two metals have made it 
challenging to fully melt tantalum particles. In the present work, spherical unmelted Ta 
particles constituted 1.23% of the total volume of material. In the same way internal micro 
porosity does, these Ta inclusions could be the origin of crack initiation in cyclic loading and 
further work should address this. The surface treatment of Ti-Ta should also be studied as no 
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literature is available regarding suitable composition of chemicals or other alternative methods. 
Due to the high corrosion resistance of Tantalum, particular attention has to be made in the 
choice of chemicals and ratios. Alternatively, other polishing methods could be investigated in 
the surface modifications of Ti-Ta alloys.  
3. Future work and recommendations 
Building on the implications and remaining challenges presented in the previous section, some 
of the future work and recommendations should include:   
• Exploring more efficient computational design methods for generation of TPMS 
structures, in particular in the incorporation of the lattice topology in full-size 
components.  
• Experimental comparative studies performed with as built and polished TPMS lattices 
with prior strut oversizing. The effect of SLM-induced surface defects should receive 
particular attention in regard to the resulting fatigue life.  
• Experimental investigations on the fatigue life on titanium-tantalum alloys, similarly to 
the study presented in this thesis in Chapter VI with a Ti-6Al-4V alloy. A focus should 
be put on the effect of unmelted Ta particles on the durability of the material and 
whether these contribute to fatigue crack initiation and reduced fatigue performances.  
• Given the large morphological discrepancies observed with the Ti-25Ta alloy compared 
to CAD models, further parametric studies with SLM should be conducted for improved 
CAD compliance. In the same vein, suitable surface modification should also be studied 
with alternative alloys.  
• In vitro and in vivo studies and the effect of surface treatment on cell proliferation 
applied to TPMS lattices. In the case of Ti-Ta alloys, different compositions could be 
compared (ie. Ta between 25-50%) in order to assess the role of tantalum in cell 
attachment.  
• Applications to full size biomedical implants. As mentioned before, complications may 
occur in both the design, manufacturing and surface treatment of larger size 
components. The methods introduced in this thesis might need slight alterations if 
applied to larger size structures.   
 
 
References 
176 
 
References 
[1] Q. Chen and G. A. Thouas, "Metallic implant biomaterials," Materials Science and Engineering: 
R: Reports, vol. 87, pp. 1-57, 2015. 
[2] M. Niinomi, Metals for biomedical devices. Woodhead publishing, 2019. 
[3] J. Geis-Gerstorfer, "In vitro corrosion measurements of dental alloys," Journal of Dentistry, 
vol. 22, no. 4, pp. 247-251, 1994. 
[4] V. Challa, S. Mali, and R. Misra, "Reduced toxicity and superior cellular response of 
preosteoblasts to Ti-6Al-7Nb alloy and comparison with Ti-6Al-4V," Journal of Biomedical 
Materials Research Part A, vol. 101, no. 7, pp. 2083-2089, 2013. [Online]. Available: 
http://onlinelibrary.wiley.com/store/10.1002/jbm.a.34492/asset/34492_ftp.pdf?v=1&t=j0kk
3yuj&s=9071c4a57cd98c8a3760769dfcca2900bc00a555. 
[5] M. Niinomi, "Mechanical biocompatibilities of titanium alloys for biomedical applications," 
Journal of the mechanical behavior of biomedical materials, vol. 1, no. 1, pp. 30-42, 2008. 
[6] S. Catalani et al., "Vanadium release in whole blood, serum and urine of patients implanted 
with a titanium alloy hip prosthesis," Clinical Toxicology, vol. 51, no. 7, pp. 550-556, 2013. 
[7] M. Geetha, A. Singh, R. Asokamani, and A. Gogia, "Ti based biomaterials, the ultimate choice 
for orthopaedic implants–a review," Progress in materials science, vol. 54, no. 3, pp. 397-425, 
2009. 
[8] P. Christen et al., "Bone remodelling in humans is load-driven but not lazy," Nature 
communications, vol. 5, p. 4855, 2014. 
[9] C. A. Engh, J. Bobyn, and A. H. Glassman, "Porous-coated hip replacement. The factors 
governing bone ingrowth, stress shielding, and clinical results," The Journal of bone and joint 
surgery. British volume, vol. 69, no. 1, pp. 45-55, 1987. 
[10] M. Semlitsch, F. Staub, and H. Weber, "Titanium-Aluminium-Niobium alloy, Development for 
biocompatible, high strength surgical implants-Titan-Aluminium-Niob-Legierung, entwickelt 
für körperverträgliche, hochfeste Implantate in der Chirurgie," Biomedizinische 
Technik/Biomedical Engineering, vol. 30, no. 12, pp. 334-339, 1985. 
[11] G. Welsch, R. Boyer, and E. Collings, Materials properties handbook: titanium alloys. ASM 
international, 1993. 
[12] T. Hanawa, "Overview of metals and applications," in Metals for biomedical devices: Elsevier, 
2019, pp. 3-29. 
[13] M. Niinomi, M. Nakai, and J. Hieda, "Development of new metallic alloys for biomedical 
applications," Acta biomaterialia, vol. 8, no. 11, pp. 3888-3903, 2012. 
[14] J. Y. Rho, R. B. Ashman, and C. H. Turner, "Young's modulus of trabecular and cortical bone 
material: ultrasonic and microtensile measurements," Journal of biomechanics, vol. 26, no. 2, 
pp. 111-119, 1993. 
[15] N. Soro, L. Brassart, Y. Chen, M. Veidt, H. Attar, and M. S. Dargusch, "Finite element analysis 
of porous commercially pure titanium for biomedical implant application," Materials Science 
and Engineering: A, vol. 725, pp. 43-50, 2018. 
[16] Y. Li, C. Yang, H. Zhao, S. Qu, X. Li, and Y. Li, "New Developments of Ti-Based Alloys for 
Biomedical Applications," Materials, vol. 7, no. 3, p. 1709, 2014. [Online]. Available: 
http://www.mdpi.com/1996-1944/7/3/1709. 
[17] S. Kurtz, K. Ong, E. Lau, F. Mowat, and M. Halpern, "Projections of primary and revision hip 
and knee arthroplasty in the United States from 2005 to 2030," J Bone Joint Surg Am, vol. 89, 
no. 4, pp. 780-785, 2007. 
[18] A. A. Zadpoor, "Additively manufactured porous metallic biomaterials," Journal of Materials 
Chemistry B, 2019. 
References 
177 
 
[19] A. Zadpoor, "Current trends in metallic orthopedic biomaterials: from additive manufacturing 
to bio-functionalization, infection prevention, and beyond," ed: Multidisciplinary Digital 
Publishing Institute, 2018. 
[20] K. Rezwan, Q. Chen, J. Blaker, and A. R. Boccaccini, "Biodegradable and bioactive porous 
polymer/inorganic composite scaffolds for bone tissue engineering," Biomaterials, vol. 27, no. 
18, pp. 3413-3431, 2006. [Online]. Available: http://ac.els-cdn.com/S0142961206001232/1-
s2.0-S0142961206001232-main.pdf?_tid=a6b691f8-e833-11e6-bcba-
00000aab0f02&acdnat=1485922102_f12e6a3abe7d2f2f9bd38c67f2ad7c58. 
[21] H. Yoshikawa and A. Myoui, "Bone tissue engineering with porous hydroxyapatite ceramics," 
Journal of Artificial Organs, vol. 8, no. 3, pp. 131-136, 2005. [Online]. Available: 
http://download.springer.com/static/pdf/967/art%253A10.1007%252Fs10047-005-0292-
1.pdf?originUrl=http%3A%2F%2Flink.springer.com%2Farticle%2F10.1007%2Fs10047-005-
0292-
1&token2=exp=1485923034~acl=%2Fstatic%2Fpdf%2F967%2Fart%25253A10.1007%25252F
s10047-005-0292-
1.pdf%3ForiginUrl%3Dhttp%253A%252F%252Flink.springer.com%252Farticle%252F10.1007
%252Fs10047-005-0292-
1*~hmac=a3c56644c76919a2ff9238d4cb0f53f88eaa975227e8aaf79e316b85fda2e734. 
[22] H. Hermawan, D. Ramdan, and J. R. Djuansjah, "Metals for biomedical applications," 
Biomedical engineering-from theory to applications, pp. 411-430, 2011. 
[23] M. Long and H. Rack, "Titanium alloys in total joint replacement—a materials science 
perspective," Biomaterials, vol. 19, no. 18, pp. 1621-1639, 1998. [Online]. Available: 
http://ac.els-cdn.com/S0142961297001464/1-s2.0-S0142961297001464-
main.pdf?_tid=73f6146c-e835-11e6-abab-
00000aab0f6c&acdnat=1485922875_a62481958d9ed0799333817495901393. 
[24] M. Niinomi, "Recent research and development in titanium alloys for biomedical applications 
and healthcare goods," Science and technology of advanced Materials, vol. 4, no. 5, p. 445, 
2003. 
[25] J. Nagels, M. Stokdijk, and P. M. Rozing, "Stress shielding and bone resorption in shoulder 
arthroplasty," Journal of shoulder and elbow surgery, vol. 12, no. 1, pp. 35-39, 2003. 
[26] J. A. Davidson and L. H. Tuneberg, "Niobium-titanium-zirconium-molybdenum (nbtizrmo) 
alloys for dental and other medical device applications," ed: Google Patents, 2001. 
[27] J. Ureña et al., "Role of beta-stabilizing elements on the microstructure and mechanical 
properties evolution of modified PM Ti surfaces designed for biomedical applications," 
Powder Metallurgy, vol. 61, no. 2, pp. 90-99, 2018. 
[28] H. J. Rack and J. Qazi, "Titanium alloys for biomedical applications," Materials Science and 
Engineering: C, vol. 26, no. 8, pp. 1269-1277, 2006. [Online]. Available: http://ac.els-
cdn.com/S0928493105002237/1-s2.0-S0928493105002237-main.pdf?_tid=321f8c8c-7a1f-
11e6-8b5e-00000aacb362&acdnat=1473818688_94766549f056625617accdf30778a2e5. 
[29] D. Kuroda, M. Niinomi, M. Morinaga, Y. Kato, and T. Yashiro, "Design and mechanical 
properties of new β type titanium alloys for implant materials," Materials Science and 
Engineering: A, vol. 243, no. 1, pp. 244-249, 1998. 
[30] J. A. Helsen and Y. Missirlis, Biomaterials: a Tantalus experience. Springer Science & Business 
Media, 2010. 
[31] V. K. Balla, S. Bose, N. M. Davies, and A. Bandyopadhyay, "Tantalum—A bioactive metal for 
implants," Jom, vol. 62, no. 7, pp. 61-64, 2010. 
[32] S. L. Sing, W. Y. Yeong, and F. E. Wiria, "Selective laser melting of titanium alloy with 50 wt% 
tantalum: Microstructure and mechanical properties," Journal of Alloys and Compounds, vol. 
660, pp. 461-470, 2016. 
References 
178 
 
[33] S. L. Sing, F. E. Wiria, and W. Y. Yeong, "Selective laser melting of titanium alloy with 50 wt% 
tantalum: effect of laser process parameters on part quality," International Journal of 
Refractory Metals and Hard Materials, vol. 77, pp. 120-127, 2018. 
[34] Y.-L. Zhou, M. Niinomi, T. Akahori, M. Nakai, and H. Fukui, "Comparison of various properties 
between titanium-tantalum alloy and pure titanium for biomedical applications," Materials 
transactions, vol. 48, no. 3, pp. 380-384, 2007. 
[35] S. L. Sing, "Selective laser melting of novel titanium-tantalum alloy as orthopaedic 
biomaterial," 2016.  
[36] R. Wauthle et al., "Additively manufactured porous tantalum implants," Acta biomaterialia, 
vol. 14, pp. 217-225, 2015. 
[37] J. Banhart, "Manufacture, characterisation and application of cellular metals and metal 
foams," Progress in materials science, vol. 46, no. 6, pp. 559-632, 2001. 
[38] M. Mukherjee, S. Mandal, and S. Bhogi, "Metal Foams: Processing and Properties." 
[39] C. Chu, G. Graf, and D. W. Rosen, "Design for additive manufacturing of cellular structures," 
Computer-Aided Design and Applications, vol. 5, no. 5, pp. 686-696, 2008. 
[40]  Z. Doubrovski, J. C. Verlinden, and J. M. Geraedts, "Optimal design for additive manufacturing: 
opportunities and challenges," in ASME 2011 International Design Engineering Technical 
Conferences and Computers and Information in Engineering Conference, 2011: American 
Society of Mechanical Engineers, pp. 635-646.  
[41] J. Banhart and J. Baumeister, "Deformation characteristics of metal foams," Journal of 
materials science, vol. 33, no. 6, pp. 1431-1440, 1998. 
[42] L. J. Gibson and M. F. Ashby, Cellular solids: structure and properties. Cambridge university 
press, 1999. 
[43] M. F. Caliri Júnior, G. P. Soares, R. A. Angélico, R. B. Canto, and V. Tita, "Study of an anisotropic 
polymeric cellular material under compression loading," Materials Research, vol. 15, no. 3, pp. 
359-364, 2012. 
[44] H. M. Frost, "Wolff's Law and bone's structural adaptations to mechanical usage: an overview 
for clinicians," The Angle Orthodontist, vol. 64, no. 3, pp. 175-188, 1994. 
[45] S. Lee et al., "Potential bone replacement materials prepared by two methods," MRS Online 
Proceedings Library Archive, vol. 1418, 2012. 
[46] J. H. Cole and M. C. van der Meulen, "Whole bone mechanics and bone quality," Clinical 
Orthopaedics and Related Research®, vol. 469, no. 8, pp. 2139-2149, 2011. 
[47] S. Wu, X. Liu, K. W. Yeung, C. Liu, and X. Yang, "Biomimetic porous scaffolds for bone tissue 
engineering," Materials Science and Engineering: R: Reports, vol. 80, pp. 1-36, 2014. 
[48] T. Albrektsson and C. Johansson, "Osteoinduction, osteoconduction and osseointegration," 
European spine journal, vol. 10, no. 2, pp. S96-S101, 2001. 
[49] J. Bellemans, "Osseointegration in porous coated knee arthroplasty: the influence of 
component coating type in sheep," Acta Orthopaedica Scandinavica, vol. 70, no. sup288, pp. 
i-35, 1999. 
[50] J. E. Dalton, S. D. Cook, K. A. Thomas, and J. F. Kay, "The effect of operative fit and 
hydroxyapatite coating on the mechanical and biological response to porous implants," JBJS, 
vol. 77, no. 1, pp. 97-110, 1995. 
[51] K. Søballe, E. S. Hansen, H. Brockstedt-Rasmussen, C. M. Pedersen, and C. Bünger, 
"Hydroxyapatite coating enhances fixation of porous coated implants: a comparison in dogs 
between press fit and noninterference fit," Acta Orthopaedica Scandinavica, vol. 61, no. 4, pp. 
299-306, 1990. 
[52]  J. Rho, M. Roy, T. Tsui, and G. Pharr, "Young’s modulus and hardness of trabecular and cortical 
bone in various directions determined by nanoindentation," in Transactions of the 43rd 
Annual Meetings of the Orthopaedic Research Society, 1997, vol. 891.  
References 
179 
 
[53] K. Choi, J. L. Kuhn, M. J. Ciarelli, and S. A. Goldstein, "The elastic moduli of human subchondral, 
trabecular, and cortical bone tissue and the size-dependency of cortical bone modulus," 
Journal of biomechanics, vol. 23, no. 11, pp. 1103-1113, 1990. 
[54] S. D. Ryan and J. L. Williams, "Tensile testing of rodlike trabeculae excised from bovine femoral 
bone," Journal of biomechanics, vol. 22, no. 4, pp. 351-355, 1989. 
[55] J. Lewis, "Properties and an anisotropic model of cancellous bone from the proximal tibial 
epiphysis," Journal of biomechanical engineering, vol. 104, pp. 50-56, 1982. 
[56] W. Suchanek and M. Yoshimura, "Processing and properties of hydroxyapatite-based 
biomaterials for use as hard tissue replacement implants," Journal of Materials Research, vol. 
13, no. 01, pp. 94-117, 1998. 
[57] H. Vinz, "Change in the mechanical properties of human compact bone tissue upon aging," 
Mechanics of Composite Materials, vol. 11, no. 4, pp. 568-571, 1975. 
[58] J. D. Boerckel, D. E. Mason, A. M. McDermott, and E. Alsberg, "Microcomputed tomography: 
approaches and applications in bioengineering," Stem cell research & therapy, vol. 5, no. 6, p. 
144, 2014. 
[59] J. Raphel et al., "Engineered protein coatings to improve the osseointegration of dental and 
orthopaedic implants," Biomaterials, vol. 83, pp. 269-282, 2016. 
[60] D. W. Hutmacher, "Scaffolds in tissue engineering bone and cartilage," Biomaterials, vol. 21, 
no. 24, pp. 2529-2543, 2000. 
[61] J. C. Reichert et al., "A tissue engineering solution for segmental defect regeneration in load-
bearing long bones," Science translational medicine, vol. 4, no. 141, pp. 141ra93-141ra93, 
2012. 
[62] V. Karageorgiou and D. Kaplan, "Porosity of 3D biomaterial scaffolds and osteogenesis," 
Biomaterials, vol. 26, no. 27, pp. 5474-5491, 2005. [Online]. Available: http://ac.els-
cdn.com/S0142961205001511/1-s2.0-S0142961205001511-main.pdf?_tid=0d7e6c2c-0cff-
11e7-8ae6-00000aab0f02&acdnat=1489967704_e45b4aa20db586aedbeb7971e3bf8508. 
[63] X. Wang, Y. Li, J. Xiong, P. D. Hodgson, and C. e. Wen, "Porous TiNbZr alloy scaffolds for 
biomedical applications," Acta biomaterialia, vol. 5, no. 9, pp. 3616-3624, 2009. 
[64] C. Wen, Y. Yamada, and P. Hodgson, "Fabrication of novel TiZr alloy foams for biomedical 
applications," Materials Science and Engineering: C, vol. 26, no. 8, pp. 1439-1444, 2006. 
[65] K. Whang, C. Thomas, K. Healy, and G. Nuber, "A novel method to fabricate bioabsorbable 
scaffolds," Polymer, vol. 36, no. 4, pp. 837-842, 1995. 
[66] K. Hing, S. Best, K. Tanner, W. Bonfield, and P. Revell, "Quantification of bone ingrowth within 
bone-derived porous hydroxyapatite implants of varying density," Journal of Materials 
Science: Materials in Medicine, vol. 10, no. 10-11, pp. 663-670, 1999. 
[67] M. Güden, E. Çelik, A. Hızal, M. Altındiş, and S. Çetiner, "Effects of compaction pressure and 
particle shape on the porosity and compression mechanical properties of sintered Ti6Al4V 
powder compacts for hard tissue implantation," Journal of Biomedical Materials Research Part 
B: Applied Biomaterials, vol. 85, no. 2, pp. 547-555, 2008. [Online]. Available: 
http://onlinelibrary.wiley.com/store/10.1002/jbm.b.30978/asset/30978_ftp.pdf?v=1&t=iz67
hw64&s=97f2faa41f3bce967506b3b00ae29106da4b80f1. 
[68] N. Ramakrishnan and V. Arunachalam, "Effective elastic moduli of porous solids," Journal of 
materials science, vol. 25, no. 9, pp. 3930-3937, 1990. 
[69] F. Bobbert et al., "Additively manufactured metallic porous biomaterials based on minimal 
surfaces: A unique combination of topological, mechanical, and mass transport properties," 
Acta Biomaterialia, 2017. 
[70] A. Yánez, A. Herrera, O. Martel, D. Monopoli, and H. Afonso, "Compressive behaviour of gyroid 
lattice structures for human cancellous bone implant applications," Materials Science and 
Engineering: C, vol. 68, pp. 445-448, 2016. [Online]. Available: http://ac.els-
cdn.com/S0928493116305859/1-s2.0-S0928493116305859-main.pdf?_tid=46d27bea-0cfe-
11e7-96e7-00000aacb35d&acdnat=1489967370_f56b6d8640c511adf4ac5dcaaf3336cf. 
References 
180 
 
[71] A. G. Evans, J. W. Hutchinson, N. A. Fleck, M. Ashby, and H. Wadley, "The topological design 
of multifunctional cellular metals," Progress in Materials Science, vol. 46, no. 3, pp. 309-327, 
2001. 
[72] A. G. Evans, J. Hutchinson, and M. Ashby, "Multifunctionality of cellular metal systems," 
Progress in materials science, vol. 43, no. 3, pp. 171-221, 1998. 
[73] M. K. Ravari et al., "On the effects of geometry, defects, and material asymmetry on the 
mechanical response of shape memory alloy cellular lattice structures," Smart Materials and 
Structures, vol. 25, no. 2, p. 025008, 2016. 
[74] Z. Xiao, Y. Yang, R. Xiao, Y. Bai, C. Song, and D. Wang, "Evaluation of topology-optimized lattice 
structures manufactured via selective laser melting," Materials & Design, vol. 143, pp. 27-37, 
2018. 
[75] S. Xu, J. Shen, S. Zhou, X. Huang, and Y. M. Xie, "Design of lattice structures with controlled 
anisotropy," Materials & Design, vol. 93, pp. 443-447, 2016. 
[76] V. J. Challis, A. P. Roberts, J. F. Grotowski, L. C. Zhang, and T. B. Sercombe, "Prototypes for 
bone implant scaffolds designed via topology optimization and manufactured by solid 
freeform fabrication," Advanced Engineering Materials, vol. 12, no. 11, pp. 1106-1110, 2010. 
[77] C. Yan, L. Hao, A. Hussein, and P. Young, "Ti–6Al–4V triply periodic minimal surface structures 
for bone implants fabricated via selective laser melting," journal of the mechanical behavior 
of biomedical materials, vol. 51, pp. 61-73, 2015. 
[78] M. Afshar, A. P. Anaraki, H. Montazerian, and J. Kadkhodapour, "Additive manufacturing and 
mechanical characterization of graded porosity scaffolds designed based on triply periodic 
minimal surface architectures," Journal of the mechanical behavior of biomedical materials, 
vol. 62, pp. 481-494, 2016. 
[79] D.-J. Yoo, "Computer-aided porous scaffold design for tissue engineering using triply periodic 
minimal surfaces," International Journal of Precision Engineering and Manufacturing, vol. 12, 
no. 1, pp. 61-71, 2011. 
[80] A. Szczurek et al., "Carbon periodic cellular architectures," Carbon, vol. 88, pp. 70-85, 2015. 
[81] D.-J. Yoo, "Advanced porous scaffold design using multi-void triply periodic minimal surface 
models with high surface area to volume ratios," International Journal of Precision Engineering 
and Manufacturing, journal article vol. 15, no. 8, pp. 1657-1666, August 01 2014, doi: 
10.1007/s12541-014-0516-5. 
[82] O. Al-Ketan, D.-W. Lee, R. Rowshan, and R. K. A. Al-Rub, "Functionally graded and multi-
morphology sheet TPMS lattices: Design, manufacturing, and mechanical properties," Journal 
of the Mechanical Behavior of Biomedical Materials, vol. 102, p. 103520, 2020. 
[83] L. Yuan, S. Ding, and C. Wen, "Additive manufacturing technology for porous metal implant 
applications and triple minimal surface structures: A review. Bioact Mater 4 (1): 56–70," ed, 
2019. 
[84] S. C. Kapfer, S. T. Hyde, K. Mecke, C. H. Arns, and G. E. Schröder-Turk, "Minimal surface scaffold 
designs for tissue engineering," Biomaterials, Article vol. 32, no. 29, pp. 6875-6882, 2011, doi: 
10.1016/j.biomaterials.2011.06.012. 
[85] F. A. Shah et al., "Long-term osseointegration of 3D printed CoCr constructs with an 
interconnected open-pore architecture prepared by electron beam melting," Acta 
biomaterialia, vol. 36, pp. 296-309, 2016. 
[86] H. Yoshikawa, N. Tamai, T. Murase, and A. Myoui, "Interconnected porous hydroxyapatite 
ceramics for bone tissue engineering," Journal of the Royal Society Interface, vol. 6, no. 
suppl_3, pp. S341-S348, 2008. 
[87] E. Sachlos and J. Czernuszka, "Making tissue engineering scaffolds work. Review: the 
application of solid freeform fabrication technology to the production of tissue engineering 
scaffolds," Eur Cell Mater, vol. 5, no. 29, pp. 39-40, 2003. 
References 
181 
 
[88] I. Maskery et al., "Insights into the mechanical properties of several triply periodic minimal 
surface lattice structures made by polymer additive manufacturing," Polymer, vol. 152, pp. 
62-71, 2018. 
[89] O. Al-Ketan, R. Rowshan, and R. K. A. Al-Rub, "Topology-mechanical property relationship of 
3D printed strut, skeletal, and sheet based periodic metallic cellular materials," Additive 
Manufacturing, vol. 19, pp. 167-183, 2018. 
[90] Y. Chen, D. Kent, M. Bermingham, A. Dehghan-Manshadi, and M. Dargusch, "Manufacturing 
of biocompatible porous titanium scaffolds using a novel spherical sugar pellet space holder," 
Materials Letters, vol. 195, pp. 92-95, 2017. 
[91] H. J. Kim, I. K. Park, J. H. Kim, C. S. Cho, and M. S. Kim, "Gas foaming fabrication of porous 
biphasic calcium phosphate for bone regeneration," Tissue Engineering and Regenerative 
Medicine, vol. 9, no. 2, pp. 63-68, 2012. 
[92] H. R. Ramay and M. Zhang, "Preparation of porous hydroxyapatite scaffolds by combination 
of the gel-casting and polymer sponge methods," Biomaterials, vol. 24, no. 19, pp. 3293-3302, 
2003. 
[93] D. C. Dunand, "Processing of Titanium Foams," Advanced Engineering Materials, vol. 6, no. 6, 
pp. 369-376, 2004, doi: 10.1002/adem.200405576. 
[94] B. Arifvianto and J. Zhou, "Fabrication of metallic biomedical scaffolds with the space holder 
method: a review," Materials, vol. 7, no. 5, pp. 3588-3622, 2014. 
[95] L. Mullen, R. C. Stamp, W. K. Brooks, E. Jones, and C. J. Sutcliffe, "Selective Laser Melting: A 
regular unit cell approach for the manufacture of porous, titanium, bone in-growth constructs, 
suitable for orthopedic applications," Journal of Biomedical Materials Research Part B: Applied 
Biomaterials, vol. 89, no. 2, pp. 325-334, 2009. 
[96] G. Ryan, A. Pandit, and D. P. Apatsidis, "Fabrication methods of porous metals for use in 
orthopaedic applications," Biomaterials, Review vol. 27, no. 13, pp. 2651-2670, 2006, doi: 
10.1016/j.biomaterials.2005.12.002. 
[97] M. Bram, C. Stiller, H. P. Buchkremer, D. Stöver, and H. Baur, "High-Porosity Titanium, Stainless 
Steel, and Superalloy Parts," Advanced Engineering Materials, vol. 2, no. 4, pp. 196-199, 2000. 
[98] R. Wauthle et al., "Revival of pure titanium for dynamically loaded porous implants using 
additive manufacturing," Materials Science and Engineering: C, vol. 54, pp. 94-100, 2015. 
[99] D.-T. Chou, D. Wells, D. Hong, B. Lee, H. Kuhn, and P. N. Kumta, "Novel processing of iron–
manganese alloy-based biomaterials by inkjet 3-D printing," Acta biomaterialia, vol. 9, no. 10, 
pp. 8593-8603, 2013. 
[100] W.-Y. Yeong, C.-K. Chua, K.-F. Leong, and M. Chandrasekaran, "Rapid prototyping in tissue 
engineering: challenges and potential," Trends in biotechnology, vol. 22, no. 12, pp. 643-652, 
2004. 
[101] D. W. Hutmacher, M. Sittinger, and M. V. Risbud, "Scaffold-based tissue engineering: rationale 
for computer-aided design and solid free-form fabrication systems," TRENDS in Biotechnology, 
vol. 22, no. 7, pp. 354-362, 2004. 
[102] D. Mahmoud and M. A. Elbestawi, "Lattice Structures and Functionally Graded Materials 
Applications in Additive Manufacturing of Orthopedic Implants: A Review," Journal of 
Manufacturing and Materials Processing, vol. 1, no. 2, p. 13, 2017. 
[103] K. A. Mumtaz, P. Erasenthiran, and N. Hopkinson, "High density selective laser melting of 
Waspaloy®," Journal of materials processing technology, vol. 195, no. 1-3, pp. 77-87, 2008. 
[104] S. Tsopanos et al., "The influence of processing parameters on the mechanical properties of 
selectively laser melted stainless steel microlattice structures," Journal of Manufacturing 
Science and Engineering, vol. 132, no. 4, p. 041011, 2010. 
[105] P. Hanzl, M. Zetek, T. Bakša, and T. Kroupa, "The influence of processing parameters on the 
mechanical properties of SLM parts," Procedia Engineering, vol. 100, pp. 1405-1413, 2015. 
References 
182 
 
[106] A. B. Spierings, M. Voegtlin, T. Bauer, and K. Wegener, "Powder flowability characterisation 
methodology for powder-bed-based metal additive manufacturing," Progress in Additive 
Manufacturing, vol. 1, no. 1-2, pp. 9-20, 2016. 
[107] E. Olakanmi, "Selective laser sintering/melting (SLS/SLM) of pure Al, Al–Mg, and Al–Si 
powders: Effect of processing conditions and powder properties," Journal of Materials 
Processing Technology, vol. 213, no. 8, pp. 1387-1405, 2013. 
[108] S. Pal, I. Drstvensek, and T. Brajlih, "Physical behaviors of materials in selective laser melting 
process," DAAAM International Scientific Book, 2018. 
[109] D. Wang, Y. Yang, Z. Yi, and X. Su, "Research on the fabricating quality optimization of the 
overhanging surface in SLM process," The International Journal of Advanced Manufacturing 
Technology, pp. 1-14, 2013. 
[110] T. Maconachie et al., "SLM lattice structures: Properties, performance, applications and 
challenges," Materials & Design, p. 108137, 2019. 
[111] M. Dallago, V. Fontanari, B. Winiarski, F. Zanini, S. Carmignato, and M. Benedetti, "Fatigue 
properties of Ti6Al4V cellular specimens fabricated via SLM: CAD vs real geometry," Procedia 
Structural Integrity, vol. 7, pp. 116-123, 2017. 
[112] B. Wysocki et al., "Post Processing and Biological Evaluation of the Titanium Scaffolds for Bone 
Tissue Engineering," Materials, vol. 9, no. 3, p. 197, 2016. 
[113] E. Sallica-Leva, A. Jardini, and J. Fogagnolo, "Microstructure and mechanical behavior of 
porous Ti–6Al–4V parts obtained by selective laser melting," Journal of the mechanical 
behavior of biomedical materials, vol. 26, pp. 98-108, 2013. [Online]. Available: http://ac.els-
cdn.com/S1751616113001768/1-s2.0-S1751616113001768-main.pdf?_tid=7284ee48-4431-
11e7-974f-00000aacb35d&acdnat=1496036662_824b54bf68eb89f78b9e959030a5fd7e. 
[114] T. B. Sercombe et al., "Failure modes in high strength and stiffness to weight scaffolds 
produced by Selective Laser Melting," Materials & Design, vol. 67, pp. 501-508, 2015. 
[115] M. Dallago et al., "Fatigue and biological properties of Ti-6Al-4V ELI cellular structures with 
variously arranged cubic cells made by selective laser melting," Journal of the mechanical 
behavior of biomedical materials, vol. 78, pp. 381-394, 2018. 
[116] F. Trevisan et al., "Additive manufacturing of titanium alloys in the biomedical field: processes, 
properties and applications," Journal of applied biomaterials & functional materials, vol. 16, 
no. 2, pp. 57-67, 2018. 
[117] E. Łyczkowska, P. Szymczyk, B. Dybała, and E. Chlebus, "Chemical polishing of scaffolds made 
of Ti–6Al–7Nb alloy by additive manufacturing," Archives of Civil and Mechanical Engineering, 
vol. 14, no. 4, pp. 586-594, 2014. 
[118] M. de Wild et al., "Bone regeneration by the osteoconductivity of porous titanium implants 
manufactured by selective laser melting: a histological and micro computed tomography 
study in the rabbit," Tissue Engineering Part A, vol. 19, no. 23-24, pp. 2645-2654, 2013. 
[119] P. Bartolo et al., "Biomedical production of implants by additive electro-chemical and physical 
processes," CIRP annals, vol. 61, no. 2, pp. 635-655, 2012. 
[120] C. Yan, L. Hao, A. Hussein, Q. Wei, and Y. Shi, "Microstructural and surface modifications and 
hydroxyapatite coating of Ti-6Al-4V triply periodic minimal surface lattices fabricated by 
selective laser melting," Materials Science and Engineering: C, vol. 75, pp. 1515-1524, 2017. 
[121] G. Pyka, G. Kerckhofs, I. Papantoniou, M. Speirs, J. Schrooten, and M. Wevers, "Surface 
roughness and morphology customization of additive manufactured open porous Ti6Al4V 
structures," Materials, vol. 6, no. 10, pp. 4737-4757, 2013. 
[122] A. A. Zadpoor, "Mechanical performance of additively manufactured meta-biomaterials," Acta 
biomaterialia, vol. 85, pp. 41-59, 2019. 
[123] H. E. Burton et al., "The design of additively manufactured lattices to increase the functionality 
of medical implants," Materials Science and Engineering: C, vol. 94, pp. 901-908, 2019. 
References 
183 
 
[124] P. Heinl, L. Müller, C. Körner, R. F. Singer, and F. A. Müller, "Cellular Ti–6Al–4V structures with 
interconnected macro porosity for bone implants fabricated by selective electron beam 
melting," Acta biomaterialia, vol. 4, no. 5, pp. 1536-1544, 2008. 
[125] M. Guden, E. Celik, E. Akar, and S. Cetiner, "Compression testing of a sintered Ti6Al4V powder 
compact for biomedical applications," Materials Characterization, vol. 54, no. 4, pp. 399-408, 
2005. 
[126] F. Li, J. Li, T. Huang, H. Kou, and L. Zhou, "Compression fatigue behavior and failure mechanism 
of porous titanium for biomedical applications," Journal of the mechanical behavior of 
biomedical materials, vol. 65, pp. 814-823, 2017. 
[127] G. M. Weinraub, "Midfoot arthrodesis using a locking anterior cervical plate as adjunctive 
fixation: early experience with a new implant," The Journal of foot and ankle surgery, vol. 45, 
no. 4, pp. 240-243, 2006. 
[128] P. Koehnen, C. Haase, J. Bueltmann, S. Ziegler, J. H. Schleifenbaum, and W. Bleck, "Mechanical 
properties and deformation behavior of additively manufactured lattice structures of stainless 
steel," Materials & Design, vol. 145, pp. 205-217, 2018. 
[129] I. Maskery, N. T. Aboulkhair, A. Aremu, C. Tuck, and I. Ashcroft, "Compressive failure modes 
and energy absorption in additively manufactured double gyroid lattices," Additive 
Manufacturing, vol. 16, pp. 24-29, 2017. 
[130] S. Saghaian, N. Moghaddam, M. Nematollahi, S. Saedi, M. Elahinia, and H. Karaca, "Mechanical 
and shape memory properties of triply periodic minimal surface (TPMS) NiTi structures 
fabricated by selective laser melting. Biol," Eng. Med, vol. 3, pp. 1-7, 2018. 
[131] G. Labeas and M. Sunaric, "Investigation on the static response and failure process of metallic 
open lattice cellular structures," Strain, vol. 46, no. 2, pp. 195-204, 2010. 
[132] C. Yan, L. Hao, A. Hussein, and D. Raymont, "Evaluations of cellular lattice structures 
manufactured using selective laser melting," International Journal of Machine Tools and 
Manufacture, vol. 62, pp. 32-38, 2012. 
[133] M. Leary et al., "Selective laser melting (SLM) of AlSi12Mg lattice structures," Materials & 
Design, vol. 98, pp. 344-357, 2016. 
[134] A. Ferrigno, F. Di Caprio, R. Borrelli, F. Auricchio, and A. Vigliotti, "The mechanical strength of 
Ti-6Al-4V columns with regular octet microstructure manufactured by electron beam 
melting," Materialia, vol. 5, p. 100232, 2019. 
[135] K. Lietaert, A. Cutolo, D. Boey, and B. Van Hooreweder, "Fatigue life of additively 
manufactured Ti6Al4V scaffolds under tension-tension, tension-compression and 
compression-compression fatigue load," Scientific reports, vol. 8, no. 1, p. 4957, 2018. 
[136] F. Brenne, T. Niendorf, and H. Maier, "Additively manufactured cellular structures: Impact of 
microstructure and local strains on the monotonic and cyclic behavior under uniaxial and 
bending load," Journal of Materials Processing Technology, vol. 213, no. 9, pp. 1558-1564, 
2013. 
[137] H. Alsalla, L. Hao, and C. Smith, "Fracture toughness and tensile strength of 316L stainless steel 
cellular lattice structures manufactured using the selective laser melting technique," 
Materials Science and Engineering: A, vol. 669, pp. 1-6, 2016. 
[138] S. A. Yavari et al., "Relationship between unit cell type and porosity and the fatigue behavior 
of selective laser melted meta-biomaterials," Journal of the mechanical behavior of biomedical 
materials, vol. 43, pp. 91-100, 2015. 
[139] S. A. Yavari et al., "Fatigue behavior of porous biomaterials manufactured using selective laser 
melting," Materials Science and Engineering: C, vol. 33, no. 8, pp. 4849-4858, 2013. 
[140] A. Zargarian, M. Esfahanian, J. Kadkhodapour, S. Ziaei-Rad, and D. Zamani, "On the fatigue 
behavior of additive manufactured lattice structures," Theoretical and Applied Fracture 
Mechanics, vol. 100, pp. 225-232, 2019. 
References 
184 
 
[141]  E. Wycisk, C. Emmelmann, S. Siddique, and F. Walther, "High cycle fatigue (HCF) performance 
of Ti-6Al-4V alloy processed by selective laser melting," in Advanced materials research, 2013, 
vol. 816: Trans Tech Publ, pp. 134-139.  
[142] L. Yang et al., "Compression–compression fatigue behaviour of gyroid-type triply periodic 
minimal surface porous structures fabricated by selective laser melting," Acta Materialia, vol. 
181, pp. 49-66, 2019. 
[143] J. Alsayednoor, "Modelling and characterisation of porous materials," University of Glasgow, 
2013.  
[144] M. Smith, Z. Guan, and W. Cantwell, "Finite element modelling of the compressive response 
of lattice structures manufactured using the selective laser melting technique," International 
Journal of Mechanical Sciences, vol. 67, pp. 28-41, 2013. 
[145] C. G. S. Anwar et al., "Finite element analysis of porous medical grade cobalt chromium alloy 
structures produced by selective laser melting," Advanced Materials Research, vol. 1133, pp. 
113-118, 2016. 
[146] S. Roy et al., "Understanding compressive deformation behavior of porous Ti using finite 
element analysis," Materials Science and Engineering: C, vol. 64, pp. 436-443, 2016. [Online]. 
Available: http://ac.els-cdn.com/S0928493116302417/1-s2.0-S0928493116302417-
main.pdf?_tid=17660638-ef2b-11e6-bf0e-
00000aab0f26&acdnat=1486688083_75f2f11c76024a035d4a7a990060f272. 
[147] H. Shen and L. Brinson, "Finite element modeling of porous titanium," International Journal of 
Solids and Structures, vol. 44, no. 1, pp. 320-335, 2007. [Online]. Available: http://ac.els-
cdn.com/S0020768306001302/1-s2.0-S0020768306001302-main.pdf?_tid=777cf30e-fa36-
11e6-8934-00000aab0f26&acdnat=1487902432_b362bdf336410ddf3e187bea08b343ae. 
[148] M. El Ghezal, Y. Maalej, and I. Doghri, "Micromechanical models for porous and cellular 
materials in linear elasticity and viscoelasticity," Computational Materials Science, vol. 70, pp. 
51-70, 2013. 
[149] G. Campoli, M. Borleffs, S. A. Yavari, R. Wauthle, H. Weinans, and A. A. Zadpoor, "Mechanical 
properties of open-cell metallic biomaterials manufactured using additive manufacturing," 
Materials & Design, vol. 49, pp. 957-965, 2013. 
[150] J. Kadkhodapour et al., "Failure mechanisms of additively manufactured porous biomaterials: 
Effects of porosity and type of unit cell," Journal of the mechanical behavior of biomedical 
materials, vol. 50, pp. 180-191, 2015. [Online]. Available: http://ac.els-
cdn.com/S1751616115002052/1-s2.0-S1751616115002052-main.pdf?_tid=63f092b0-af85-
11e6-a946-00000aacb35e&acdnat=1479689992_e59a2d37bcf25b3e7ca54d2e9241ce01. 
[151] G. R. Johnson, J. Hoegfeldt, U. Lindholm, and A. Nagy, "Response of various metals to large 
torsional strains over a large range of strain rates—Part 1: Ductile metals," 1983. 
[152] A. Zargarian, M. Esfahanian, J. Kadkhodapour, and S. Ziaei-Rad, "Numerical simulation of the 
fatigue behavior of additive manufactured titanium porous lattice structures," Materials 
Science and Engineering: C, vol. 60, pp. 339-347, 2016. 
[153] A. Release, "10.0," Documentation for ANSYS, 2005. 
[154] Hibbett, Karlsson, and Sorensen, ABAQUS/standard: User's Manual. Hibbitt, Karlsson & 
Sorensen, 1998. 
[155] J. Schöberl, "NETGEN An advancing front 2D/3D-mesh generator based on abstract rules," 
Computing and visualization in science, vol. 1, no. 1, pp. 41-52, 1997. 
[156] C. Geuzaine and J. F. Remacle, "Gmsh: A 3-D finite element mesh generator with built-in pre-
and post-processing facilities," International Journal for Numerical Methods in Engineering, 
vol. 79, no. 11, pp. 1309-1331, 2009. 
[157] K. Schneider, B. Klusemann, and S. Bargmann, "Automatic three-dimensional geometry and 
mesh generation of periodic representative volume elements for matrix-inclusion 
composites," Advances in Engineering Software, vol. 99, pp. 177-188, 2016. 
References 
185 
 
[158] M. Kırca, A. Gül, E. Ekinci, F. Yardım, and A. Mugan, "Computational modeling of micro-cellular 
carbon foams," Finite Elements in Analysis and Design, vol. 44, no. 1, pp. 45-52, 2007. [Online]. 
Available: http://ac.els-cdn.com/S0168874X0700114X/1-s2.0-S0168874X0700114X-
main.pdf?_tid=85c3b308-2fba-11e7-813c-
00000aab0f02&acdnat=1493786561_f4b80329003c01d54f292c2923817b69. 
[159] J. Cadena, I. Alfonso, J. Ramírez, V. Rodriguez-Iglesias, I. Figueroa, and C. Aguilar, 
"Improvement of FEA estimations for compression behavior of Mg foams based on 
experimental observations," Computational Materials Science, vol. 91, pp. 359-363, 2014. 
[160] T. Iung and M. Grange, "Mechanical behaviour of two-phase materials investigated by the 
finite element method: necessity of three-dimensional modeling," Materials Science and 
Engineering: A, vol. 201, no. 1-2, pp. L8-L11, 1995. 
[161] H. J. Böhm and W. Han, "Comparisons between three-dimensional and two-dimensional 
multi-particle unit cell models for particle reinforced metal matrix composites," Modelling and 
Simulation in Materials Science and Engineering, vol. 9, no. 2, p. 47, 2001. 
[162] S. H. Teoh, Engineering materials for biomedical applications. World scientific, 2004. 
[163] S. Guo, Q. Meng, X. Zhao, Q. Wei, and H. Xu, "Design and fabrication of a metastable β-type 
titanium alloy with ultralow elastic modulus and high strength," Scientific reports, vol. 5, 2015. 
[164] M. Akita, Y. Uematsu, T. Kakiuchi, M. Nakajima, Y. Bai, and K. Tamada, "Fatigue behavior of 
bulk β-type titanium alloy Ti–15Mo–5Zr–3Al annealed in high temperature nitrogen gas," 
Materials Science and Engineering: A, vol. 627, pp. 351-359, 2015. 
[165] Y. Abd-elrhman, M. A.-H. Gepreel, A. Abdel-Moniem, and S. Kobayashi, "Compatibility 
assessment of new V-free low-cost Ti–4.7 Mo–4.5 Fe alloy for some biomedical applications," 
Materials & Design, vol. 97, pp. 445-453, 2016. 
[166] G. He, P. Liu, and Q. Tan, "Porous titanium materials with entangled wire structure for load-
bearing biomedical applications," Journal of the mechanical behavior of biomedical materials, 
vol. 5, no. 1, pp. 16-31, 2012. [Online]. Available: http://ac.els-
cdn.com/S1751616111002505/1-s2.0-S1751616111002505-main.pdf?_tid=8a04766e-23d5-
11e7-b3a3-00000aab0f6b&acdnat=1492478750_5b96ac62dde2e721c88db61bfebaf602. 
[167] X. Wang et al., "Topological design and additive manufacturing of porous metals for bone 
scaffolds and orthopaedic implants: A review," Biomaterials, vol. 83, pp. 127-141, 3// 2016, 
doi: http://dx.doi.org/10.1016/j.biomaterials.2016.01.012. 
[168] B. Lee et al., "Space-holder effect on designing pore structure and determining mechanical 
properties in porous titanium," Materials & Design, vol. 57, pp. 712-718, 2014. 
[169] J. Matena et al., "SLM produced porous titanium implant improvements for enhanced 
vascularization and osteoblast seeding," International journal of molecular sciences, vol. 16, 
no. 4, pp. 7478-7492, 2015. 
[170] Y. Chen et al., "Mechanical properties and biocompatibility of porous titanium scaffolds for 
bone tissue engineering," Journal of the Mechanical Behavior of Biomedical Materials, vol. 75, 
pp. 169-174, 2017. 
[171] M. Yan, M. Qian, C. Kong, and M. Dargusch, "Impacts of trace carbon on the microstructure of 
as-sintered biomedical Ti–15Mo alloy and reassessment of the maximum carbon limit," Acta 
biomaterialia, vol. 10, no. 2, pp. 1014-1023, 2014. 
[172] W. Niu, C. Bai, G. Qiu, and Q. Wang, "Processing and properties of porous titanium using space 
holder technique," Materials Science and Engineering: A, vol. 506, no. 1, pp. 148-151, 2009. 
[173] H. Attar et al., "Mechanical behavior of porous commercially pure Ti and Ti–TiB composite 
materials manufactured by selective laser melting," Materials Science and Engineering: A, vol. 
625, pp. 350-356, 2015. 
[174] O. Pierard, C. Gonzalez, J. Segurado, J. LLorca, and I. Doghri, "Micromechanics of elasto-plastic 
materials reinforced with ellipsoidal inclusions," International Journal of Solids and Structures, 
vol. 44, no. 21, pp. 6945-6962, 2007. 
References 
186 
 
[175] T. Kanit, S. Forest, I. Galliet, V. Mounoury, and D. Jeulin, "Determination of the size of the 
representative volume element for random composites: statistical and numerical approach," 
International Journal of solids and structures, vol. 40, no. 13, pp. 3647-3679, 2003. [Online]. 
Available: http://ac.els-cdn.com/S0020768303001434/1-s2.0-S0020768303001434-
main.pdf?_tid=2c6f90ac-020a-11e7-a516-
00000aab0f6c&acdnat=1488763017_587110964f9ddf01311c4dcd6568f5b1. 
[176] S. Nemat-Nasser and M. Hori, Micromechanics: overall properties of heterogeneous materials. 
Elsevier, 2013. 
[177] T. Mori and K. Tanaka, "Average stress in matrix and average elastic energy of materials with 
misfitting inclusions," Acta metallurgica, vol. 21, no. 5, pp. 571-574, 1973. 
[178] Y. Benveniste, "A new approach to the application of Mori-Tanaka's theory in composite 
materials," Mechanics of materials, vol. 6, no. 2, pp. 147-157, 1987. 
[179] I. Doghri and A. Ouaar, "Homogenization of two-phase elasto-plastic composite materials and 
structures: study of tangent operators, cyclic plasticity and numerical algorithms," 
International Journal of Solids and structures, vol. 40, no. 7, pp. 1681-1712, 2003. 
[180] S.-I. Roohani-Esfahani, P. Newman, and H. Zreiqat, "Design and fabrication of 3D printed 
scaffolds with a mechanical strength comparable to cortical bone to repair large bone 
defects," Scientific reports, vol. 6, p. 19468, 2016. 
[181] Y. Torres et al., "Design, processing and characterization of titanium with radial graded 
porosity for bone implants," Materials & Design, vol. 110, pp. 179-187, 2016. 
[182] Z. Liu, F. Ji, M. Wang, and T. Zhu, "One-Dimensional Constitutive Model for Porous Titanium 
Alloy at Various Strain Rates and Temperatures," Metals, vol. 7, no. 1, p. 24, 2017. 
[183] Hibbitt, Karlsson, and Sorensen, ABAQUS/standard User's Manual. Hibbitt, Karlsson & 
Sorensen, 2001. 
[184] S. Muñoz, J. Pavón, J. Rodríguez-Ortiz, A. Civantos, J. Allain, and Y. Torres, "On the influence 
of space holder in the development of porous titanium implants: Mechanical, computational 
and biological evaluation," Materials Characterization, vol. 108, pp. 68-78, 2015. 
[185] M. Thieme et al., "Titanium powder sintering for preparation of a porous functionally graded 
material destined for orthopaedic implants," Journal of materials science: materials in 
medicine, vol. 12, no. 3, pp. 225-231, 2001. 
[186] F. J. Q. Gonzalez and N. Nuno, "Finite element modeling of manufacturing irregularities of 
porous materials," Biomaterials and Biomechanics in Bioengineering, vol. 3, no. 1, pp. 1-14, 
2016. 
[187] R. M. German, "Sintering Trajectories: Description on How Density, Surface Area, and Grain 
Size Change," JOM, vol. 68, no. 3, pp. 878-884, 2016. 
[188] A. Maiti et al., "3D printed cellular solid outperforms traditional stochastic foam in long-term 
mechanical response," Scientific reports, vol. 6, p. 24871, 2016. 
[189] J. J. Lewandowski and M. Seifi, "Metal additive manufacturing: a review of mechanical 
properties," Annual Review of Materials Research, vol. 46, pp. 151-186, 2016. 
[190] S. Guo, Q. Meng, X. Zhao, Q. Wei, and H. Xu, "Design and fabrication of a metastable β-type 
titanium alloy with ultralow elastic modulus and high strength," Scientific reports, vol. 5, p. 
14688, 2015. 
[191] W. Harun, M. Kamariah, N. Muhamad, S. Ghani, F. Ahmad, and Z. Mohamed, "A review of 
powder additive manufacturing processes for metallic biomaterials," Powder Technology, 
2017. 
[192] S. Chen et al., "Microstructure and mechanical properties of open-cell porous Ti-6Al-4V 
fabricated by selective laser melting," Journal of Alloys and Compounds, vol. 713, pp. 248-254, 
2017. 
[193] Y. Jung and S. Torquato, "Fluid permeabilities of triply periodic minimal surfaces," Physical 
Review E, vol. 72, no. 5, p. 056319, 2005. 
References 
187 
 
[194] S. Rajagopalan and R. A. Robb, "Schwarz meets Schwann: design and fabrication of biomorphic 
and durataxic tissue engineering scaffolds," Medical image analysis, vol. 10, no. 5, pp. 693-
712, 2006. 
[195] J. Shin et al., "Finite element analysis of Schwarz P surface pore geometries for tissue-
engineered scaffolds," Mathematical Problems in Engineering, vol. 2012, 2012. 
[196] J. Schindelin et al., "Fiji: an open-source platform for biological-image analysis," Nature 
methods, vol. 9, no. 7, p. 676, 2012. 
[197] M. Doube et al., "BoneJ: free and extensible bone image analysis in ImageJ," Bone, vol. 47, no. 
6, pp. 1076-1079, 2010. 
[198] Y. SHIMIZU, K. USUI, K. ARAKI, N. KUROSAKI, H. TAKANOBU, and A. TAKANISHI, "Study of finite 
element modeling from CT images," Dental materials journal, vol. 24, no. 3, pp. 447-455, 2005. 
[199] E. Onal, J. E. Frith, M. Jurg, X. Wu, and A. Molotnikov, "Mechanical Properties and In Vitro 
Behavior of Additively Manufactured and Functionally Graded Ti6Al4V Porous Scaffolds," 
Metals, vol. 8, no. 4, p. 200, 2018. 
[200] S. Y. Choy, C.-N. Sun, K. F. Leong, and J. Wei, "Compressive properties of functionally graded 
lattice structures manufactured by selective laser melting," Materials & Design, 2017. 
[201] H. Attar, M. Bönisch, M. Calin, L.-C. Zhang, S. Scudino, and J. Eckert, "Selective laser melting 
of in situ titanium–titanium boride composites: processing, microstructure and mechanical 
properties," Acta Materialia, vol. 76, pp. 13-22, 2014. 
[202] H. Attar, S. Ehtemam-Haghighi, D. Kent, and M. S. Dargusch, "Recent developments and 
opportunities in additive manufacturing of titanium-based matrix composites: A review," 
International Journal of Machine Tools and Manufacture, vol. 133, pp. 85-102, 2018. 
[203] H. Attar, S. Ehtemam-Haghighi, D. Kent, X. Wu, and M. S. Dargusch, "Comparative study of 
commercially pure titanium produced by laser engineered net shaping, selective laser melting 
and casting processes," Materials Science and Engineering: A, vol. 705, pp. 385-393, 2017. 
[204] S. A. Goldstein, "The mechanical properties of trabecular bone: dependence on anatomic 
location and function," Journal of biomechanics, vol. 20, no. 11-12, pp. 1055-1061, 1987. 
[205] M. J. Mirzaali et al., "Mechanical properties of cortical bone and their relationships with age, 
gender, composition and microindentation properties in the elderly," Bone, vol. 93, pp. 196-
211, 2016. 
[206] R. Havaldar, S. Pilli, and B. Putti, "Insights into the effects of tensile and compressive loadings 
on human femur bone," Advanced biomedical research, vol. 3, 2014. 
[207] G. Rotta, T. Seramak, and K. Zasińska, "Estimation of Young’s Modulus of the porous titanium 
alloy with the use of FEM Package," Advances in Materials Science, vol. 15, no. 4, pp. 29-37, 
2015. 
[208] A. Popovich, V. S. Sufiiarov, E. Borisov, I. Polozov, D. Masaylo, and A. Grigoriev, "Anisotropy of 
mechanical properties of products manufactured using selective laser melting of powdered 
materials," Russian Journal of Non-Ferrous Metals, vol. 58, no. 4, pp. 389-395, 2017. 
[209] B. Levine, "A new era in porous metals: applications in orthopaedics," Advanced Engineering 
Materials, vol. 10, no. 9, pp. 788-792, 2008. 
[210] M. Metikos-Huković, A. Kwokal, and J. Piljac, "The influence of niobium and vanadium on 
passivity of titanium-based implants in physiological solution," Biomaterials, vol. 24, no. 21, 
pp. 3765-3775, 2003. 
[211] Y. Zhang et al., "Effect of vanadium released from micro-arc oxidized porous Ti6Al4V on 
biocompatibility in orthopedic applications," Colloids and Surfaces B: Biointerfaces, vol. 169, 
pp. 366-374, 2018. 
[212] E. Chlebus, B. Kuźnicka, T. Kurzynowski, and B. Dybała, "Microstructure and mechanical 
behaviour of Ti―6Al―7Nb alloy produced by selective laser melting," Materials 
Characterization, vol. 62, no. 5, pp. 488-495, 2011. 
References 
188 
 
[213] A. L. R. Ribeiro, P. Hammer, L. G. Vaz, and L. A. Rocha, "Are new TiNbZr alloys potential 
substitutes of the Ti6Al4V alloy for dental applications? An electrochemical corrosion study," 
Biomedical Materials, vol. 8, no. 6, p. 065005, 2013. 
[214] A. Basalah, "Additive Manufacturing of Porous Titanium Structures for Use in Orthopaedic 
Implants," 2015. 
[215] N. Taniguchi et al., "Effect of pore size on bone ingrowth into porous titanium implants 
fabricated by additive manufacturing: an in vivo experiment," Materials Science and 
Engineering: C, vol. 59, pp. 690-701, 2016. 
[216] S. Kanagaraja, A. Wennerberg, C. Eriksson, and H. Nygren, "Cellular reactions and bone 
apposition to titanium surfaces with different surface roughness and oxide thickness cleaned 
by oxidation," Biomaterials, vol. 22, no. 13, pp. 1809-1818, 2001. 
[217] L. P. Lefebvre, J. Banhart, and D. C. Dunand, "Porous metals and metallic foams: current status 
and recent developments," Advanced Engineering Materials, vol. 10, no. 9, pp. 775-787, 2008. 
[218] D. Gu, Y.-C. Hagedorn, W. Meiners, K. Wissenbach, and R. Poprawe, "Selective laser melting 
of in-situ TiC/Ti5Si3 composites with novel reinforcement architecture and elevated 
performance," Surface and Coatings Technology, vol. 205, no. 10, pp. 3285-3292, 2011. 
[219] D. Gu, G. Meng, C. Li, W. Meiners, and R. Poprawe, "Selective laser melting of TiC/Ti bulk 
nanocomposites: Influence of nanoscale reinforcement," Scripta Materialia, vol. 67, no. 2, pp. 
185-188, 2012. 
[220] S. Van Bael et al., "The effect of pore geometry on the in vitro biological behavior of human 
periosteum-derived cells seeded on selective laser-melted Ti6Al4V bone scaffolds," Acta 
biomaterialia, vol. 8, no. 7, pp. 2824-2834, 2012. 
[221] L. Yang, C. Yan, C. Han, P. Chen, S. Yang, and Y. Shi, "Mechanical response of a triply periodic 
minimal surface cellular structures manufactured by selective laser melting," International 
Journal of Mechanical Sciences, vol. 148, pp. 149-157, 2018. 
[222] J. A. Davidson and P. Kovacs, "Biocompatible low modulus titanium alloy for medical 
implants," ed: Google Patents, 1992. 
[223] N. Soro, H. Attar, X. Wu, and M. S. Dargusch, "Investigation of the structure and mechanical 
properties of additively manufactured Ti-6Al-4V biomedical scaffolds designed with a 
Schwartz primitive unit-cell," Materials Science and Engineering: A, 2018. 
[224] E. Brodie, A. Medvedev, H. Fraser, M. S. Dargusch, and A. Molotnikov, "Selective laser melting 
and mechanical properties of Ti25Ta." 
[225] "GOM Correlate, Theory and user manual." https://www.gom-correlate.com/ (accessed 2019. 
[226] M. Simonelli et al., "A comparison of Ti-6Al-4V in-situ alloying in Selective Laser Melting using 
simply-mixed and satellited powder blend feedstocks," Materials Characterization, vol. 143, 
pp. 118-126, 2018. 
[227] T. B. Kim, S. Yue, Z. Zhang, E. Jones, J. R. Jones, and P. D. Lee, "Additive manufactured porous 
titanium structures: Through-process quantification of pore and strut networks," Journal of 
Materials Processing Technology, vol. 214, no. 11, pp. 2706-2715, 2014. 
[228] P. Capellato, N. A. Riedel, J. D. Williams, J. P. Machado, K. C. Popat, and A. P. A. Claro, "Surface 
Modification on Ti-30Ta Alloy for Biomedical Application," Engineering, vol. 5, no. 09, p. 707, 
2013. 
[229] E. Abele, H. A. Stoffregen, K. Klimkeit, H. Hoche, and M. Oechsner, "Optimisation of process 
parameters for lattice structures," Rapid Prototyping Journal, vol. 21, no. 1, pp. 117-127, 2015. 
[230] S. L. Sing, F. E. Wiria, and W. Y. Yeong, "Selective laser melting of lattice structures: A statistical 
approach to manufacturability and mechanical behavior," Robotics and Computer-Integrated 
Manufacturing, vol. 49, pp. 170-180, 2018. 
[231] X. Han, H. Zhu, X. Nie, G. Wang, and X. Zeng, "Investigation on selective laser melting AlSi10Mg 
cellular lattice strut: Molten pool morphology, surface roughness and dimensional accuracy," 
Materials, vol. 11, no. 3, p. 392, 2018. 
References 
189 
 
[232] F. Calignano, "Investigation of the accuracy and roughness in the laser powder bed fusion 
process," Virtual and Physical Prototyping, vol. 13, no. 2, pp. 97-104, 2018. 
[233] A. Morita, H. Fukui, H. Tadano, S. Hayashi, J. Hasegawa, and M. Niinomi, "Alloying titanium 
and tantalum by cold crucible levitation melting (CCLM) furnace," Materials Science and 
Engineering: A, vol. 280, no. 1, pp. 208-213, 2000. 
[234] P. Fox, S. Pogson, C. Sutcliffe, and E. Jones, "Interface interactions between porous 
titanium/tantalum coatings, produced by Selective Laser Melting (SLM), on a cobalt–
chromium alloy," Surface and Coatings Technology, vol. 202, no. 20, pp. 5001-5007, 2008. 
[235] Y.-L. Zhou and M. Niinomi, "Microstructures and mechanical properties of Ti–50 mass% Ta 
alloy for biomedical applications," Journal of Alloys and Compounds, vol. 466, no. 1-2, pp. 535-
542, 2008. 
[236] S. Ehtemam-Haghighi, Y. Liu, G. Cao, and L.-C. Zhang, "Influence of Nb on the β→ α 
ʺmartensitic phase transformation and properties of the newly designed Ti–Fe–Nb alloys," 
Materials Science and Engineering: C, vol. 60, pp. 503-510, 2016. 
[237] A. C. Kaya, P. Zaslansky, M. Ipekoglu, and C. Fleck, "Strain hardening reduces energy 
absorption efficiency of austenitic stainless steel foams while porosity does not," Materials & 
Design, vol. 143, pp. 297-308, 2018. 
[238] W. Song, G. Liu, J. Wang, and H. Tang, "The effects of high temperature and fiber diameter on 
the quasi static compressive behavior of metal fiber sintered sheets," Materials Science and 
Engineering: A, vol. 690, pp. 71-79, 2017. 
[239] Y. Song, D. Xu, R. Yang, D. Li, W. Wu, and Z. Guo, "Theoretical study of the effects of alloying 
elements on the strength and modulus of β-type bio-titanium alloys," Materials Science and 
Engineering: A, vol. 260, no. 1-2, pp. 269-274, 1999. 
[240] S. Ozan, J. Lin, Y. Li, R. Ipek, and C. Wen, "Development of Ti–Nb–Zr alloys with high elastic 
admissible strain for temporary orthopedic devices," Acta biomaterialia, vol. 20, pp. 176-187, 
2015. 
[241] V. K. Balla, S. Banerjee, S. Bose, and A. Bandyopadhyay, "Direct laser processing of a tantalum 
coating on titanium for bone replacement structures," Acta biomaterialia, vol. 6, no. 6, pp. 
2329-2334, 2010. 
[242] R. O. Ritchie, "Mechanisms of fatigue-crack propagation in ductile and brittle solids," 
International journal of Fracture, vol. 100, no. 1, pp. 55-83, 1999. 
[243] N. Soro, H. Attar, X. Wu, and M. S. Dargusch, "Investigation of the structure and mechanical 
properties of additively manufactured Ti-6Al-4V biomedical scaffolds designed with a 
Schwartz primitive unit-cell," Materials Science and Engineering: A, vol. 745, pp. 195-202, 
2019. 
[244] A. Ataee, Y. Li, M. Brandt, and C. Wen, "Ultrahigh-strength titanium gyroid scaffolds 
manufactured by selective laser melting (SLM) for bone implant applications," Acta 
Materialia, vol. 158, pp. 354-368, 2018. 
[245] A. Yánez, A. Cuadrado, O. Martel, H. Afonso, and D. Monopoli, "Gyroid porous titanium 
structures: a versatile solution to be used as scaffolds in bone defect reconstruction," 
Materials & Design, vol. 140, pp. 21-29, 2018. 
[246] M. Janeček et al., "The Very High Cycle Fatigue Behaviour of Ti-6Al-4V Alloy," Acta Physica 
Polonica, A., vol. 128, no. 4, 2015. 
[247]  K. Mertova, J. Dzugan, and M. Roudnicka, "Fatigue properties of SLM-produced Ti6Al4V with 
various post-processing processes," in IOP Conference Series: Materials Science and 
Engineering, 2018, vol. 461, no. 1: IOP Publishing, p. 012052.  
[248] B. Vayssette, N. Saintier, C. Brugger, M. El May, and E. Pessard, "Numerical modelling of 
surface roughness effect on the fatigue behavior of Ti-6Al-4V obtained by additive 
manufacturing," International Journal of Fatigue, vol. 123, pp. 180-195, 2019. 
References 
190 
 
[249] B. Vayssette, N. Saintier, C. Brugger, M. Elmay, and E. Pessard, "Surface roughness of Ti-6Al-
4V parts obtained by SLM and EBM: effect on the high cycle fatigue life," Procedia engineering, 
vol. 213, pp. 89-97, 2018. 
[250] S. Leuders et al., "On the mechanical behaviour of titanium alloy TiAl6V4 manufactured by 
selective laser melting: Fatigue resistance and crack growth performance," International 
Journal of Fatigue, vol. 48, pp. 300-307, 2013. 
[251] X. Yan et al., "Mechanical and in vitro study of an isotropic Ti6Al4V lattice structure fabricated 
using selective laser melting," Journal of Alloys and Compounds, vol. 782, pp. 209-223, 2019. 
[252] F. P. Melchels, K. Bertoldi, R. Gabbrielli, A. H. Velders, J. Feijen, and D. W. Grijpma, 
"Mathematically defined tissue engineering scaffold architectures prepared by 
stereolithography," Biomaterials, vol. 31, no. 27, pp. 6909-6916, 2010. 
[253] L. G. Lamit, PTC CreoTM Parametric 3.0. Cengage Learning, 2015. 
[254] F. Calignano et al., "Investigation of accuracy and dimensional limits of part produced in 
aluminum alloy by selective laser melting," The International Journal of Advanced 
Manufacturing Technology, vol. 88, no. 1-4, pp. 451-458, 2017. 
[255] H. Masuo et al., "Effects of defects, surface roughness and HIP on fatigue strength of Ti-6Al-
4V manufactured by additive manufacturing," Procedia Structural Integrity, vol. 7, pp. 19-26, 
2017. 
[256]  B. Crossland, "Effect of large hydrostatic pressures on the torsional fatigue strength of an 
alloy steel," in Proc. Int. Conf. on Fatigue of Metals, 1956, vol. 138: Institution of Mechanical 
Engineers London, pp. 12-12.  
[257] G. Kasperovich and J. Hausmann, "Improvement of fatigue resistance and ductility of TiAl6V4 
processed by selective laser melting," Journal of Materials Processing Technology, vol. 220, 
pp. 202-214, 2015. 
[258] B. Yuan, C. Li, H. Yu, and D. Sun, "Influence of hydrogen content on tensile and compressive 
properties of Ti–6Al–4V alloy at room temperature," Materials Science and Engineering: A, 
vol. 527, no. 16-17, pp. 4185-4190, 2010. 
[259] Q. Zhao, F. Yang, R. Torrens, and L. Bolzoni, "PM versus IM Ti-5Al-5V-5Mo-3Cr Alloy in 
Mechanical Properties and Fracture Behaviour," Materials Research, vol. 22, 2019. 
[260] L. Chang, Y. Wang, and Y. Ren, "In-situ investigation of stress-induced martensitic 
transformation in Ti–Nb binary alloys with low Young's modulus," Materials Science and 
Engineering: A, vol. 651, pp. 442-448, 2016. 
[261] W. Zhou and K. Chew, "The rate dependent response of a titanium alloy subjected to quasi-
static loading in ambient environment," Journal of materials science, vol. 37, no. 23, pp. 5159-
5165, 2002. 
[262]  M. M. Rahman, L. A. Hof, B. Johnston, S. A. Khanoki, D. Pasini, and R. Wüthrich, "Electro-
polishing of additive manufactured porous titanium for medical implants," in Meeting 
Abstracts, 2015, no. 17: The Electrochemical Society, pp. 1247-1247.  
[263] F. Ellyin, Fatigue damage, crack growth and life prediction. Springer Science & Business Media, 
2012. 
[264] M.-W. Wu, J.-K. Chen, B.-H. Lin, and P.-H. Chiang, "Improved fatigue endurance ratio of 
additive manufactured Ti-6Al-4V lattice by hot isostatic pressing," Materials & Design, vol. 
134, pp. 163-170, 2017. 
[265]  H. A. Stoffregen, K. Butterweck, and E. Abele, "Fatigue analysis in selective laser melting: 
review and investigation of thin-walled actuator housings," in 25th Solid Freeform Fabrication 
Symposium, 2014, pp. 635-650.  
[266] Y. Lu, W. Zhao, Z. Cui, H. Zhu, and C. Wu, "The anisotropic elastic behavior of the widely-used 
triply-periodic minimal surface based scaffolds," Journal of the mechanical behavior of 
biomedical materials, vol. 99, pp. 56-65, 2019. 
References 
191 
 
[267] K. Refai, M. Montemurro, C. Brugger, and N. Saintier, "Determination of the effective elastic 
properties of titanium lattice structures," Mechanics of Advanced Materials and Structures, 
pp. 1-14, 2019. 
[268] B. Fotovvati, N. Namdari, and A. Dehghanghadikolaei, "Fatigue performance of selective laser 
melted Ti6Al4V components: state of the art," Materials research express, vol. 6, no. 1, p. 
012002, 2018. 
[269] B. Van Hooreweder, D. Moens, R. Boonen, J. P. Kruth, and P. Sas, "Analysis of fracture 
toughness and crack propagation of Ti6Al4V produced by selective laser melting," Advanced 
Engineering Materials, vol. 14, no. 1-2, pp. 92-97, 2012. 
[270] R. Molaei and A. Fatemi, "Fatigue design with additive manufactured metals: issues to 
consider and perspective for future research," Procedia engineering, vol. 213, pp. 5-16, 2018. 
[271] M. Dallago, B. Winiarski, F. Zanini, S. Carmignato, and M. Benedetti, "On the effect of 
geometrical imperfections and defects on the fatigue strength of cellular lattice structures 
additively manufactured via Selective Laser Melting," International Journal of Fatigue, vol. 
124, pp. 348-360, 2019. 
[272] B. Van Hooreweder and J.-P. Kruth, "Advanced fatigue analysis of metal lattice structures 
produced by Selective Laser Melting," CIRP Annals, vol. 66, no. 1, pp. 221-224, 2017. 
[273] C. M. Murphy, M. G. Haugh, and F. J. O'brien, "The effect of mean pore size on cell attachment, 
proliferation and migration in collagen–glycosaminoglycan scaffolds for bone tissue 
engineering," Biomaterials, vol. 31, no. 3, pp. 461-466, 2010. 
[274] N. Soro, H. Attar, E. Brodie, M. Veidt, A. Molotnikov, and M. S. Dargusch, "Evaluation of the 
mechanical compatibility of additively manufactured porous Ti–25Ta alloy for load-bearing 
implant applications," Journal of the mechanical behavior of biomedical materials, vol. 97, pp. 
149-158, 2019. 
[275] C. de Formanoir, M. Suard, R. Dendievel, G. Martin, and S. Godet, "Improving the mechanical 
efficiency of electron beam melted titanium lattice structures by chemical etching," Additive 
Manufacturing, vol. 11, pp. 71-76, 2016. 
[276] G. Seiffert, C. Hopkins, and C. Sutcliffe, "Comparison of high-intensity sound and mechanical 
vibration for cleaning porous titanium cylinders fabricated using selective laser melting," 
Journal of Biomedical Materials Research Part B: Applied Biomaterials, vol. 105, no. 1, pp. 117-
123, 2017. 
[277] Y. Bi, R. R. VanDeMotter, A. A. Ragab, V. M. Goldberg, J. M. Anderson, and E. M. Greenfield, 
"Titanium particles stimulate bone resorption by inducing differentiation of murine 
osteoclasts," JBJS, vol. 83, no. 4, p. 501, 2001. 
[278] W. S. Gora et al., "Enhancing surface finish of additively manufactured titanium and cobalt 
chrome elements using laser based finishing," Physics Procedia, vol. 83, pp. 258-263, 2016. 
[279] A. Polishetty, M. Shunmugavel, M. Goldberg, G. Littlefair, and R. K. Singh, "Cutting force and 
surface finish analysis of machining additive manufactured titanium alloy Ti-6Al-4V," Procedia 
manufacturing, vol. 7, pp. 284-289, 2017. 
[280] B. Wysocki et al., "The influence of selective laser melting (SLM) process parameters on in-
vitro cell response," International journal of molecular sciences, vol. 19, no. 6, p. 1619, 2018. 
[281] S. L. Campanelli, N. Contuzzi, A. D. Ludovico, F. Caiazzo, F. Cardaropoli, and V. Sergi, 
"Manufacturing and characterization of Ti6Al4V lattice components manufactured by 
selective laser melting," Materials, vol. 7, no. 6, pp. 4803-4822, 2014. 
[282] N. Skyscan, "NRecon user manual," Kontich, Belgium: Bruker microCT, 2011. 
[283] P. Lhuissier, C. de Formanoir, G. Martin, R. Dendievel, and S. Godet, "Geometrical control of 
lattice structures produced by EBM through chemical etching: Investigations at the scale of 
individual struts," Materials & design, vol. 110, pp. 485-493, 2016. 
[284] D. B. Witkin, D. N. Patel, H. Helvajian, L. Steffeney, and A. Diaz, "Surface treatment of powder-
bed fusion additive manufactured metals for improved fatigue life," Journal of Materials 
Engineering and Performance, vol. 28, no. 2, pp. 681-692, 2019. 
References 
192 
 
[285]  S. Kleszczynski, A. Ladewig, K. Friedberger, J. Zur Jacobsmühlen, D. Merhof, and G. Witt, 
"Position dependency of surface roughness in parts from laser beam melting systems," in 26th 
Internation Solid Free Form Fabrication (SFF) Symposium, Austin, TX, Aug, 2015, pp. 10-12.  
[286] E. Sutter and G. Goetz-Grandmont, "The behaviour of titanium in nitric-hydrofluoric acid 
solutions," Corrosion science, vol. 30, no. 4-5, pp. 461-476, 1990. 
 
